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Abstract
Less than 10% of the world’s domestic wastewater is disinfected prior to discharge into
surface waters; therefore, human exposure to diverse wastewater-related pathogens results in
millions of cases of illness each year. Among the enteric pathogens, viruses represent an
important group of emerging pathogens and are frequently the cause of food- and water-borne
outbreaks of illness. Although the World Health Organization and many government agencies
mandate the use of bacterial indicators to identify poor microbial water quality, it is well known
that these indicators poorly correlate with fecal pollution contamination events and risk of
disease. The field of public health-related environmental microbiology has made significant
advances over the last twenty years; however, there is still a need for improved methods to
identify poor microbial water quality and manage health risks associated with water-related
activities (e.g., recreation, shellfish harvesting, irrigation). Furthermore, it is imperative to
effectively detect fecal pollution in the environment as well as determine the extent of pathogen
removal during (waste)water treatment to meet the Sustainable Development Goals associated
with water and food security as well as the water reuse recommendations by the U.S. National
Research Council.
This dissertation directly addressed the need to identify an improved viral indicator by
exploring the application of pepper mild mottle virus (PMMoV), a virus of dietary origin that is
extremely abundant in human feces, as a surrogate for enteric viruses in diverse settings and
contexts. Using a reverse transcription quantitative polymerase chain reaction (RT-qPCR)
method, PMMoV was compared with other indicators, index surrogates, and reference pathogens
iii

for assessing surface water quality in a developed country (Appendix A) and developing country
context (Appendix B and C). In addition, the applicability of PMMoV as a (waste)water
treatment process indicator was demonstrated in natural treatment systems in developing
countries (Appendix C and D) and artificial treatment systems (Appendix E).
In all settings, PMMoV always co-occurred with at least one reference pathogen, index
organism, and/or indicator; additionally, PMMoV was detected more frequently and in higher
concentrations than other reference pathogens and indicators. Three investigations also
associated PMMoV detection with predicted human health risks greater than the health
benchmark for recreation and water reuse activities (Appendix A, C, and D). Additionally,
PMMoV facilitated an improved understanding of virus-particle interactions in wastewater
treatment pond systems (Appendix D) and allowed for an improved understanding of virus
removal with respect to riverbank filtration systems and wastewater reuse in agriculture
(Appendix C). PMMoV was established as a valuable component of the microbial source
tracking toolbox in Costa Rica (Appendix B) and appeared to be useful in Bolivia (Appendix C).
Finally, a paradigm shift in (waste)water management is occurring, in which routine monitoring
is being replaced by a more holistic approach that includes sanitary surveys, targeted water
quality monitoring, and exploratory quantitative microbial risk assessment. To support and
complement this paradigm shift, field-based, laboratory-free methods are needed to identify
and/or infer the presence of enteric viruses (Appendix F). Collectively, all the investigations
presented here confirm the use of PMMoV as a surrogate for enteric viruses; however, its utility
depends on the context and research question.
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Introduction
Fecal Pollution Is a Threat to Human Health
Globally, 2.4 billion people do not have improved sanitation infrastructure (UNICEF and
WHO 2015) and the excreta from a total of 4.1 billion people, or approximately 90% of domestic
wastewater, directly enters the aquatic environment without treatment (Baum et al. 2013). The
proper treatment and disposal of wastewater is crucial for protecting water resources and
ultimately public health (UNICEF and WHO 2015), since each gram of feces can contain as
many as ten million viruses, a million bacteria, a thousand parasitic cysts/oocysts, and a hundred
helminth eggs (summarized in WHO 2006, 2009). Furthermore, enteric pathogens can remain
infectious in the environment for over three months. Since 60% of the global population lacks
sanitation and existing wastewater treatment infrastructure can malfunction or fail (Baum et al.
2013), wastewater-related pathogens are commonly detected in environmental waters in variable
concentrations depending upon the extent of pollution, disease prevalence, temperature,
ultraviolet radiation, residence time within a water body, and rainfall (summarized in WHO
2006, 2009).
According to the World Health Organization (WHO), lack of sanitation is among the
largest cause of infection throughout the world (Prüss‐Ustün et al. 2014, Prüss 1998, UNICEF
and WHO 2015) and climate change is expected to increase diarrheal disease burdens over the
next 35 years (WHO 2014). Currently, exposure to wastewater-related pathogens results in the
death of approximately 842,000 people due to diarrheal disease globally each year (Prüss‐Ustün
et al. 2014, UNICEF and WHO 2015). This mortality is in addition to over 300,000 (Ralston et
1

al. 2011) cases of illness (e.g., respiratory, gastrointestinal, dermal) annually in the United States
of America (U.S.) and over 170 million (Shuval 2003) in the world. Furthermore, diarrheal
disease kills approximately 1,000 children under age five daily and is responsible for the chronic
malnutrition of about 161 million children (Prüss‐Ustün et al. 2014, UNICEF and WHO 2015).
This equates to a disease burden of over 3 million ‘disability-adjusted life years’ (DALY) per
year globally (Shuval 2003), which negatively impacts local and regional economies, costing as
much as $870 million USD in the U.S. (Ralston et al. 2011) and $12 billion USD globally each
year (Shuval 2003). Exposure to wastewater-related pathogens can occur during daily essential
(e.g., potable water, food consumption), recreational (e.g., swimming), and work-related human
activities (e.g. farming and fishing; See Figure 1; Prüss‐Ustün et al. 2014, Prüss 1998, Shuval
2003).

Figure 1. Fecal pollution allows waterborne pathogens to enter the environment. Exposure to
these pathogens, through a variety of activities, can pose a risk to public health.
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Numerous epidemiological studies have demonstrated an increased risk of
gastrointestinal, dermatological, respiratory, and other illnesses for swimmers compared to nonswimmers at beaches (summarized in Fujioka et al. 2015) and frequently an increased risk of
infection is correlated with environmental conditions, such as rainfall (Hata et al. 2014, Victoria
et al. 2014). Additionally, shellfish consumption comprises up to 19% of the approximate 76
million cases of foodborne illness, mostly of viral origin, annually in the U.S. (Butt et al. 2004).
Shellfish consumption can comprise up to 70% of foodborne illnesses in countries, such as
Japan, that have high rates of raw shellfish consumption (Lees 2000). Furthermore, direct and
indirect wastewater reuse in agriculture requires adequate management to minimize public health
risks to farmers and consumers of fresh produce alike (Barker-Reid et al. 2010, Drechsel et al.
2006, Fry et al. 2008, Qadir et al. 2010, Raschid-Sally and Jayakody 2008, Rice and Westerhoff
2014, Rice et al. 2013). Since there are hundreds of fecal-borne pathogens, the WHO
recommends that countries monitor for the presence of enteric pathogens in potable drinking
water, shellfish harvesting areas, irrigation water, and recreational waters as a means of
identifying and managing public health risks (WHO 2006, 2009, 2010, 2011). Additionally, the
Sustainable Development Goals (SDGs) related to water and sanitation (goal 6), life below water
(goal 14), as well as those related to wastewater reuse within the goal for zero hunger (goal 2)
necessitate the ability to identify and quantify wastewater-related pathogens in the environment
as well as throughout (waste)water treatment systems (United Nations 2015).

Microbial Surrogates Are Used to Inform Water Quality Management
Throughout the world since the early 1900s, microbial water quality and water treatment
efficiency have been assessed using surrogates, such as Escherichia coli and fecal coliforms, as a
3

means of overcoming the logistical difficulties associated with analyzing all types of enteric
pathogens associated with fecal pollution (Ashbolt et al. 2001, Sinclair et al. 2012). In
environmental microbiology, a surrogate can be a substance (e.g., caffeine) or microbe (e.g.,
human adenovirus, fecal coliform) that is used to investigate the fate of pathogens in the
environment (See Figure 2; Sinclair et al. 2012). Microbial surrogates for enteric pathogens can
be further divided into the following groups: process indicators, index or model surrogates (e.g.,
also termed organisms), reference pathogens, and fecal indicators (Ashbolt et al. 2001). Process
indicators are surrogates that demonstrate the effectiveness of a specific treatment. While index
and model surrogates identify the presence of a specific pathogen or group of pathogens (e.g., E.
coli for Salmonella), reference pathogens are actual pathogens that are measured to infer the
presence of other similar pathogens (e.g., human norovirus is a reference pathogen for enteric
viruses). Reference pathogens are frequently used in quantitative microbial risk assessment
(QMRA) to estimate the human health risks associated with exposure to the reference pathogen.
Fecal indicators are organisms that suggest the presence of fecal pollution, such as fecal
indicator bacteria (FIB; groups of non-pathogenic, intestinal bacteria), which infer the presence
of enteric pathogens. Typically, fecal pollution monitoring is performed through the use of index
bacteria, such as Clostridium perfringes, and fecal indicators, such as the FIB enterococci and
total fecal coliforms (Fujioka et al. 2015, U.S. EPA 2012, U.S. FDA 2007). These bacteria are
not human pathogens; they naturally inhabit the intestines of warm-blooded animals and are shed
in feces. Their widespread use to monitor fecal pollution is attributed to their simple and
affordable identification as well as their longstanding use since the early 1900s (Ashbolt et al.
2001).

4

Figure 2. A surrogate, which is used to determine the fate of pathogens in the environment, can
be classified as a substance or microbe. Microbial surrogates can be further classified as process
indicators, index or model surrogates, reference pathogens, or fecal indicators.
Despite their widespread use and convenience, it has been recognized for more than four
decades that FIB and index bacteria do not consistently correlate with enteric pathogen presence
or risk of illness (Anderson et al. 2005, Ashbolt et al. 2010, Carducci et al. 2009, Davies et al.
1995, Fujioka et al. 2015, Gerba et al. 1979, Griffin et al. 2001, Hartz et al. 2008, Harwood et al.
2005, LaBelle et al. 1980, Lee et al. 2006, Miagostovich et al. 2008, Noble and Fuhrman 2001,
Savichtcheva and Okabe 2006, Schets et al. 2008, Stewart et al. 2008, United Nations 2015, van
Heerden et al. 2005, Wheeler Alm et al. 2003, Wu et al. 2011, Yates 2007). Numerous studies
throughout the world have demonstrated that index organisms and FIB, used as process or fecal
indicators, are more susceptible to (waste)water treatment than other enteric pathogens, have dieoff rates greater than enteric pathogens, are excreted by animals, and can replicate in the
environment after a contamination event. Frequently, potable water, shellfish harvesting areas,
treated wastewater effluent, and recreational water that are considered safe based upon the
concentrations of index surrogates and FIB still contain high concentrations of human enteric
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pathogens (Carducci et al. 2009, Colford et al. 2007, He and Jiang 2005, Kitajima et al. 2014, Le
Guyader et al. 2006, Miagostovich et al. 2008, Schets et al. 2008, van Heerden et al. 2005, van
Heerden et al. 2003, Vantarakis and Papapetropoulou 1999). Attempts have also been made to
establish a relationship between FIB and the concentrations of human rotavirus, one of the major
enteric pathogens of concern worldwide (WHO 2006); however, studies have demonstrated the
inaccuracy of such assumptions (Barker et al. 2014, Silverman et al. 2013, Wilkes et al. 2009). In
order to more accurately identify public health risks, the WHO recommends the following
reference pathogens, which are consequently used to estimate gastrointestinal illness: Salmonella
(bacteria), Cryptosporidium (parasitic protozoa), norovirus and adenovirus (enteric viruses; Mara
et al. 2010, Sano et al. 2016, United Nations Water 2015).

An Effective Surrogate for Enteric Viruses is Needed
Of the pathogens associated with domestic wastewater, enteric viruses are among the
most important emerging pathogens (Nwachcuku and Gerba 2004) and require special attention
with respect to (waste)water treatment and water reuse (U.S. National Research Council 2012).
The low infectious doses of enteric viruses combined with their high concentrations in human
feces and persistence in the environment as well as during (waste)water treatment necessitate the
use of a surrogate for the identification of enteric viruses (Fong and Lipp 2005, Griffin et al.
2001, Metcalf et al. 1995, U.S. National Research Council 2012, Sano et al. 2016, Sinclair et al.
2009). In addition to environmental conditions and residence times within a water body, variable
viral persistence in the environment is also observed due to differences in capsid structure,
isoelectric point, type of nucleic acid, and genome size (Enriquez et al. 1995, Nwachcuku and
Gerba 2004, Smith et al. 2009). For example, enteric adenoviruses are more stable than
6

poliovirus in wastewater, tap water, and seawater, regardless of temperature, and can persist in
the environment for as many as 85 days at 15ºC before reaching the predicted time for 99% viral
inactivation (Enriquez et al. 1995). Similarly, rotavirus may persist for nearly two months in
tapwater and up to a month in surface waters (Gerba et al. 1996).
Several different bacteriophages (phages; viruses that infect bacteria) have been proposed
as surrogates for enteric viruses to monitor for fecal pollution and (waste)water treatment
efficacy; however, none fulfill the criteria of an ideal viral indicator or index surrogate
(Santiago-Rodriguez et al. 2013, Savichtcheva and Okabe 2006). Bacteroides fragilis phages,
which are human-associated, are difficult to isolate from environmental samples; thus, they are
not useful as fecal indicators in situations with low levels of wastewater pollution. Despite
structural similarity to enteric viruses, F-specific RNA coliphages have greater die-off rates;
consequently, they frequently underestimate the presence of enteric viruses (Hata et al. 2013,
Purnell et al. 2016, Savichtcheva and Okabe 2006). Phages that infect Enterococcus faecalis
have also been suggested as possible enteric virus surrogates; however, they are present in
animal and human feces and are able to infect other Enterococcus species (Santiago-Rodríguez
et al. 2010, Santiago-Rodriguez et al. 2013). In addition, phage concentrations may not solely be
dependent on the extent of contamination because they are hypothetically able to replicate in
environmental reservoirs in the presence of autochthonous hosts; however, this research gap has
yet to be fully understood. Recently, metagenomic analyses identified crAssphage as the most
abundant DNA virus in the human gut and domestic wastewater (Dutilh et al. 2014, Stachler and
Bibby 2014); nevertheless, its use as an indicator or index organism has yet to be evaluated and
its host remains unknown.
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To date, enteric viruses found in wastewater, from the families Adenoviridae,
Caliciviridae, Picornaviridae, and Reoviridae as well as the genera Anellovirus, Picobirnavirus,
and Polyomavirus have been utilized as reference pathogens to identify enteric viruses resulting
from fecal pollution in the environment (Donaldson et al. 2002, Fong and Lipp 2005, Griffin et
al. 2003, Hamza et al. 2011, Jiang et al. 2001, Jiang et al. 2007, Lipp et al. 2007, Lipp et al.
2001, McQuaig et al. 2006, Nenonen et al. 2008, Noble and Fuhrman 2001, Pianetti et al. 2000,
Rigotto et al. 2005, Rose et al. 2006, Schets et al. 2008, Wetz et al. 2004) as well as assess
(waste)water treatment efficiency (Betancourt et al. 2014, Hata et al. 2013, Kitajima et al. 2014,
Rachmadi et al. 2015, Sano et al. 2016, Schmitz et al. 2016). Although these viruses can be
found in wastewater, adenoviruses, aichiviruses, and polyomaviruses are the only viruses
consistently detected in wastewater (Bofill-Mas et al. 2006, Fong et al. 2010, Hamza et al. 2011,
Kitajima et al. 2014, Plummer et al. 2014, Schmitz et al. 2016, Symonds et al. 2009). Despite
their consistent presence in wastewater on the order of 104 to 107 virus copies/l, the
concentrations of these viruses vary with the degree of infection and shedding; thus, their use as
process or fecal indicators may not be ideal based upon the U.S. EPA’s criteria (U.S. EPA 2006).
Furthermore, it is advantageous to use a non-human pathogen as a fecal indicator due to the
possibility of fluctuating concentrations of pathogens based on epidemiology and seasonality, as
well as the emergence of new pathogens (Nwachcuku and Gerba 2004). This is particularly true
since it has been demonstrated that pandemic-causing viruses, such as the coronaviruses
responsible for Severe Acute Respiratory Syndrome (SARS) and Middle East Respiratory
Syndrome (MERS), as well as the virus that causes avian flu, are also excreted in feces, urine,
and/or vomit and consequently, may also pose a waterborne threat to public health in the event of
an epidemic (Wigginton et al. 2015).
8

Pepper Mild Mottle Virus: A Potential Enteric Virus Surrogate
Pepper mild mottle virus (PMMoV), a plant virus belonging to the genus Tobamovirus
within the family Virgaviridae (King et al. 2011), is unlike other proposed surrogates for enteric
viruses due to its dietary origin in feces (See Figure 3; Rosario et al. 2009). In 2006, PMMoV
was identified as dominating the RNA viral metagenome of human feces and quantitative PCR
confirmed excreted concentrations ranging from 106 to 109 viral copies per gram (dry weight)
human feces (Zhang et al. 2006). PMMoV is a rod-shaped, non-enveloped, positive-sense,
single-stranded RNA virus with a reported isoelectric point (the pH at which the virus has a
neutral charge) between 3.7 – 3.8 (Adams et al. 2009, King et al. 2011, Michen and Graule 2010,
Wetter et al. 1984). PMMoV generally causes malformed fruits (See Figure 3a) and leaf mosaic
in species of Capsicum and has been identified in Asia, Australia, Europe, as well as North and
South America (Adkins et al. 2001, Ahmad et al. 2015, Alonso et al. 1991, Beczner et al. 1997,
Brunt et al. 1996, Çağlar et al. 2013, Garcia-Luque et al. 1993, Genda et al. 2007, Ichiki et al.
2009, Kaur et al. 2014, Milošević et al. 2015, Oliveira et al. 2010, Wang et al. 2006, Wetter et al.
1984).
Since its initial identification in human feces in 2006, PMMoV has been found in high
concentrations in food products as well as in human feces and wastewater in Asia, Europe, and
the U.S. (Betancourt et al. 2014, Colson et al. 2010, Hamza et al. 2011, Kitajima et al. 2014,
Kuroda et al. 2015, Rachmadi et al. 2015, Rosario et al. 2009, Sangsanont et al. 2016, Schmitz et
al. 2016, Zhang et al. 2006). In a study conducted in France, a little over half of the food
products tested from the U.S., France, Mexico, and unknown origins were positive for PMMoV
and contained as much as 107 PMMoV copies/ml (Colson et al. 2010). Interestingly, PMMoV
particles remain infectious after passing through the human digestive system as well as through
9

the production of processed foods, such as dry spices and hot sauces (Colson et al. 2010, Zhang
et al. 2006). In wastewater, PMMoV concentrations range from 106 to 1010 copies/l (Hamza et al.
2011, Kitajima et al. 2014, Kuroda et al. 2015, Rosario et al. 2009, Schmitz et al. 2016). These
values are higher than the maximum reported concentrations of other proposed viral indicators in
wastewater (Bofill-Mas et al. 2006, Carducci et al. 2009, Jothikumar et al. 2005, Kitajima et al.
2014, Laverick et al. 2004, Schmitz et al. 2016). Furthermore, there appears to be limited
variability in the daily PMMoV concentrations in wastewater, which average 108 copies/l, when
analyzed over a two-week period (Rosario et al. 2009) as well as insignificant seasonal
variability (Kitajima et al. 2014, Schmitz et al. 2016).

Figure 3. The movement of pepper mild mottle virus (PMMoV) from (a) infected peppers to (d)
wastewater treatment plants and/or the environment via human consumption of (b) processed
pepper products and (c) consequent defecation of PMMoV. Photo credit: (a) Image: UF/IFAS
Pest Alert Web site/Pamela Roberts, http://dx.doi.org/10.1371/journal.pbio.0040015.g001.

Given the high concentrations in wastewater, PMMoV shows promise as a process
indicator for monitoring the removal of enteric viruses during wastewater treatment and potable
water treatment. However, PMMoV is highly resilient to the (waste)water treatment process
compared to enteric viruses, with as little as 1-log10 PMMoV removal after a variety of
(waste)water treatment processes (Asami et al. 2016, Betancourt et al. 2014, Hamza et al. 2011,
Haramoto et al. 2013, Kitajima et al. 2014, Kuroda et al. 2015, Rosario et al. 2009, Sangsanont et
al. 2016, Schmitz et al. 2016). Additionally, Schmitz et al. (2016) demonstrated that Aichi virus
correlated more frequently with the presence of enteric viruses than PMMoV in domestic
10

wastewater during a yearlong investigation in Arizona, USA. Nevertheless, PMMoV proved to
be a useful process indicator of virus removal during field studies related to point of use potable
water treatment options (Sangsanont et al. 2016).
The high PMMoV concentrations in domestic wastewater and its resilience throughout
the wastewater treatment process create the possibility that PMMoV detection in surface waters
may overestimate the extent of fecal pollution. However, previous studies have found several
advantages to using PMMoV as an indicator of human fecal pollution in surface waters
(Betancourt et al. 2014, Hamza et al. 2011, Haramoto et al. 2013, Kuroda et al. 2015, Rosario et
al. 2009, Sangsanont et al. 2016). In addition to being consistently present in measurable
concentrations (Betancourt et al. 2014, Hamza et al. 2011, Haramoto et al. 2013, Kuroda et al.
2015, Rosario et al. 2009), PMMoV is absent in environmental waters free from known
wastewater sources (Rosario et al. 2009), lacks known secondary reservoirs, and co-occurs with
enteric viruses of interest in seawater and river water exposed to point-sources of wastewater
pollution (Hamza et al. 2011, Rosario et al. 2009). Although detectable PMMoV concentrations
have been shown to represent a recent contamination event in coastal waters (Rosario et al.
2009), other studies in freshwater systems have shown that PMMoV may not be useful in
distinguishing recent contamination (Hamza et al. 2011, Kuroda et al. 2015). PMMoV may also
serve as a domestic wastewater associated microbial source tracking (MST) marker in aquatic
environments because of its relatively high concentrations (105 – 107 copies/mg) in human feces
(Colson et al. 2010, Zhang et al. 2006) compared to animal feces (102 – 103 copies/mg in seabird,
goose, chicken, and cow feces; Hamza et al. 2011, Rosario et al. 2009). A review of MST
markers determined that PMMoV has 100% host-sensitivity and a host-specificity ranging from
90-92% (Harwood et al. 2013b). As PMMoV becomes more widely used for microbial water
11

quality assessments, it is important to understand the locations and settings in which PMMoV
can be utilized as a surrogate for enteric viruses and the extent to which its detection suggests a
significant health risk.

Research Objectives
Since the use of PMMoV as a surrogate for enteric viruses remains to be fully
understood, this body of research further investigated the hypothesis that PMMoV, a virus of
dietary origin, can be an effective fecal and process indicator. The principal purpose of this
collective research was to explore the use of PMMoV as a surrogate for enteric viruses in various
contexts and applications, while concurrently addressing real-world water quality and
wastewater management questions. The overarching research objectives were as follows:
 Explore the use of PMMoV as a fecal indicator to identify fecal pollution in environmental
waters under different contexts
 Identify the PMMoV limits of quantification and detection as well as corresponding health
risks with respect to untreated domestic wastewater and coastal waters
 Evaluate PMMoV as a process indicator and understand its persistence during different
methods of (waste)water treatment alongside enteric pathogens and process indicators
 Estimate the risk of illness associated with the reuse of (waste)waters containing PMMoV and
reference pathogens
 Explore the use of PMMoV as a MST tool in Costa Rica
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Research Synopsis
PMMoV was incorporated into the following environmental water quality and
(waste)water treatment efficacy investigations to address the aforementioned research objectives:
 Appendix A: Faecal Pollution Along the Southeastern Coast of Florida and Insight into the
Use of Pepper Mild Mottle Virus as an Indicator1 (Symonds et al. 2016a)
This study investigated the microbial quality of waters along the southeastern coast of
Florida exposed to two sources of fecal pollution, ocean outfalls and inlets, bimonthly
during 2014. Enterococci concentrations were measured using culture-based assays and
qPCR and compared to qPCR analyses of MST Bacteroidales markers, human
polyomavirus, and PMMoV. Even though all sites met the U.S. EPA water quality
criteria for safe recreation, human-associated MST Bacteroidales and virus markers were
detected at all sites. In comparison to the other markers, PMMoV was detected in higher
concentrations and more frequently; thus, exploratory QMRA was executed in
combination with a series of experiments to identify the analytical (A), method (M), and
process (P) limits of detection (LOD) and quantification (LOQ) for a previously
published reverse transcription quantitative PCR (RT-qPCR) assay. The RT-qPCR
PMMoV assay performed within minimum information for publication of quantitative
real-time PCR experiments (MIQE) guidelines and it was determined that PMMoV
detection alone posed a median health risk greater than the U.S. EPA benchmark of 36
gastrointestinal illnesses per 1000 exposures. This study supports the use of PMMoV as
an indicator of human fecal pollution; however, PMMoV detection may overestimate risk
1

Author contributions: E.M. Symonds executed LOQ/LOD experiments, PMMoV analyses, data analysis, and
wrote the manuscript. C. Sinigalliano and M. Gidley collected and processed surface water samples and executed
bacterial indicator and marker analyses. W. Ahmed executed the QMRA and contributed to the manuscript. S.M.
McQuaig-Ulrich executed human polyomavirus qPCR. M.Breitbart contributed to experimental design and the
manuscript.
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of illness in the presence of (mixed) treated wastewater pollution. Future studies are
needed to ascertain the appropriate use of PMMoV in environments contaminated with
wastewater treated to various degrees.

 Appendix B: Microbial Source Tracking in Shellfish Harvesting Waters in the Gulf of Nicoya,
Costa Rica2 (Symonds et al. 2016b)
The purpose of this study was to analyze the surface water quality of four sites dedicated
to shellfish harvesting in the Gulf of Nicoya, Costa Rica as well as to identify a suite of
MST markers appropriate for use in the region. While elevated concentrations of E. coli
were identified using MPN methods, enterococci and E. coli qPCR measurements, as
well as human-associated MST markers, did not suggest the presence of fecal pollution
during 2015. Eleven existing MST PCR assays were evaluated for their sensitivity and
specificity to identify domestic (human) wastewater, as well as the feces of chickens,
cows, dogs, horses, pigs, and seabirds. MST PCR assays were identified for each animal
type; however, the specificity and sensitivity of these assays could be improved by future
studies. Human-associated HF183 Bacteroidales and human polyomavirus, as well as
domestic wastewater-associated PMMoV were highly sensitive and specific to domestic
wastewater. Additional (RT)-qPCR analyses of domestic wastewater indicated that
PMMoV was consistently detected in concentrations greater than human polyomavirus,
adenovirus, norovirus, and rotavirus; consequently, PMMoV is an important component
of the Costa Rican MST toolbox and may be a useful process indicator.
2

Author contributions: E.M. Symonds collected all samples, performed PCR and qPCR analyses, data analysis, and
wrote the manuscript. S.M. McQuaig-Ulrich executed human polyomavirus qPCR. S. Young executed enterococci
qPCR. M.E. Verbyla executed human adenovirus qPCR. E. Ross, J.A. Jimenez, V.J. Harwood, and M. Breitbart
contributed to experimental design and the manuscript.
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 Appendix C: Managing Microbial Risks from Indirect Wastewater Reuse for Irrigation in
Urbanizing Watersheds3 (Verbyla et al. 2016)
The main purpose of this study was to evaluate the use of riverbank filtration (RBF) to
treat contaminated surface water for irrigation in Cochabamba, Bolivia using an
innovative QMRA that incorporated microbial and ethnographic data. Based upon the
log-difference between reference pathogens (e.g., rotavirus, Giardia), index surrogates
(e.g., coliphage, PMMoV), and indicators (e.g., FIB) concentrations in surface and RBF
well water, this study demonstrated that RBF is an effective barrier that decreases the risk
of gastrointestinal illness associated with the consumption of lettuce irrigated with
contaminated surface water. Furthermore, the QMRA results indicated that the variation
and uncertainty of exposure-related microbial and cultural measurements better
correlated with predicted health outcomes than with parameters related to disease
vulnerability. Since PMMoV concentrations were greater than those of enteric viruses in
contaminated surface water, it was possible to measure PMMoV concentrations in RBF
well water as well as on irrigated lettuce. The results of this study indicate that PMMoV
is a useful process indicator as well as a surrogate for enteric viruses in determining
microbial water and food quality in the presence of untreated wastewater contamination.

3

Author contributions: M.E.Verbyla designed and executed the study, executed molecular analyses, developed the
model, analyzed the data, and wrote the manuscript. E.M. Symonds designed and executed the study, analyzed
samples for PMMoV and enteric viruses, and wrote the manuscript. R.C. Kafle designed the study and developed
and evaluated the model. M.R. Cairns designed the study and collected the ethnographic data with assistance from
C. Ledo. M. Iriarte, A.M. Guzmán, and O. Coronado led microbial sample collection. M. Iriarte also executed
microbial analyses. M. Breitbart and J.R. Mihelcic contributed to the experimental design and manuscript.
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 Appendix D: A Case Study of Enteric Virus Removal and Insights into the Associated Risk of
Water Reuse for Two Wastewater Treatment Pond Systems in Bolivia4 (Symonds et al. 2014)
This study aimed to determine the enteric virus removal efficiency of two wastewater
treatment pond (WTP) systems, to characterize virus-particle interactions during
treatment, as well as to estimate the risk of gastrointestinal illness associated with water
reuse in irrigation. Less than 1-log10 virus removal was observed using molecular
analyses targeting reference pathogens, norovirus and rotavirus, as well as PMMoV for
both systems; however, greater virus removal was observed for total culturable enteric
viruses in the three-pond system compared to the upflow anaerobic sludge blanket reactor
(UASB)-pond system. Consequently, it would be necessary to further reduce virus
concentrations by 2-3 log10 to comply with the WHO health target of <10-4 DALYs lost
per person per year. The majority of viruses did not associate with large particles in this
study; consequently, it is likely that sedimentation is not the principal mechanism of viral
removal. Furthermore, more virus association with mid-sized particles was identified in
the UASB-pond system, which may have protected viruses from solar inactivation,
explaining the lower removal of culturable enteric viruses in this system. In this study,
PMMoV proved to be a useful enteric virus surrogate because it was always detected
with at least one of the reference pathogens. Additionally, PMMoV proved to be a useful
process indicator because its high concentrations in both WTP systems allowed for the
quantification of virus-particle associations.

4

Author contributions: E.M. Symonds and M.E. Verbyla designed and executed the study, including data analysis,
and wrote the manuscript. E.M. Symonds executed molecular analyses. M.E. Verbyla and R.C. Kafle executed the
QMRA and data analyses. J.O. Lukasik analyzed culturable enteric viruses and contributed to study design. M.
Breitbart and J.R. Mihelcic contributed to experimental design and the manuscript.
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 Appendix E: Reduction of Nutrients, Microbes, and Personal Care Products in Domestic
Wastewater by a Benchtop Electrocoagulation Unit5 (Symonds et al. 2015)
The main objective of this study was to assess the treatment efficiency of a benchtop
electrocoagulation (EC) unit with respect to nutrients, microbes, and personal care
products (PCPs) for the treatment of raw and tertiary-treated domestic wastewater. EC
treatment resulted in significant reductions in phosphate, microbial surrogates
representing pathogenic viruses, bacteria, and protozoan parasites as well as reference
pathogens, and several PCPs from raw and treated domestic wastewater. While many
questions remain regarding the appropriateness of EC treatment for domestic wastewater,
the removal of a variety of chemical and microbial contaminants suggests it may be a
promising technology. Furthermore, PMMoV, which is often resilient to many
wastewater treatment processes, was removed by EC to a similar extent as other
microbial surrogates and this virus proved to be an effective process indicator given its
higher concentrations in raw wastewater. However, PMMoV was not as useful as a
process indicator for the EC treatment of tertiary-treated wastewater because PMMoV
concentrations were below the process limit of detection prior to EC treatment.

5

Author contributions: E.M. Symonds designed and executed the study, including data analyses, with M. Breitbart,
M.M. Cook, and E.S. Van Vleet. E.M. Symonds led microbial and molecular analyses, with assay-specific
contributions by R.M. Ulrich, S.M McQuaig, R.O. Schenck, and J.O. Lukasik. E.M. Symonds and M. Breitbart
wrote the manuscript, with contributions from all authors.
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Research Impacts and Conclusions
Overall Research Impacts
Each of the investigations presented in this dissertation contributed novel scientific
findings and advanced our understanding of (waste)water management. For example, compared
to previous studies, improved surface water quality was observed at known sources of fecal
pollution along the southeastern Florida coast (Symonds et al. 2016a; See Appendix A). In the
first study of its kind in Central America, a suite of MST markers was identified for use in Costa
Rica and applied to demonstrate good surface water quality in shellfish harvesting waters in the
Gulf of Nicoya (Symonds et al. 2016b; See Appendix B). In terms of water treatment, RBF was
identified to be an effective technology to reduce microbial risk of illness with respect to indirect
wastewater reuse for irrigation in Bolivia (Verbyla et al. 2016; See Appendix C). Despite the
popular belief that sedimentation is the primary mechanism for virus removal in WTPs, limited
virus-particle associations were observed in two Bolivian WTP systems and it is likely that virusparticle associations to colloidal particles attributed to the low levels of virus removal observed
in the UASB-pond system (Symonds et al. 2014; See Appendix D). Finally, a benchtop EC unit
removed as much as 7-log10 microbial surrogates and reference pathogens from domestic
wastewater (Symonds et al. 2015; See Appendix E).
The compilation of research presented in this dissertation explored the application of
PMMoV as a surrogate for enteric viruses to characterize surface water quality in a developed
(Symonds et al. 2016a; See Appendix A) and developing country context (Symonds et al. 2016b,
Verbyla et al. 2016; See Appendix B and C) as well as a (waste)water treatment process
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indicator in natural (Symonds et al. 2014, Verbyla et al. 2016; See Appendix C and D) and
artificial (Symonds et al. 2015; Appendix E) treatment systems. The investigations presented in
Appendices B, C, and D are among only a handful of studies executed in a developing country
context and expand the known PMMoV geographic range in wastewater to include countries in
Central and South America (Symonds et al. 2014, Symonds et al. 2016b, Verbyla et al. 2016).
Ultimately, the purpose of a viral surrogate to accurately identify the likely presence of enteric
viruses and consequently, human health risks (Sinclair et al. 2012). It is clear from the studies
presented here that the PMMoV is an effective wastewater tracer and can be an appropriate
surrogate for enteric viruses depending upon the context and research questions.

Pepper Mild Mottle Virus as a Fecal Indicator in Environmental Waters
The high PMMoV concentrations in wastewater (and often in treated wastewater)
overcomes problems with false-negative results due to the low virus concentration efficiencies
from contaminated environmental waters (Gentry-Shields and Stewart 2013, Harwood et al.
2013a); however, it creates the possibility that PMMoV may overestimate the presence of enteric
viruses and consequently, risk to public health, in the presence of treated or mixed treated
wastewater contamination (Hamza et al. 2011, Kitajima et al. 2014, Kuroda et al. 2015, Rosario
et al. 2009). Through a series of laboratory experiments and exploratory QMRA, it was
determined that merely the detection of PMMoV (approximately 80 – 3850 PMMoV copies/100
ml) in coastal waters contaminated with untreated domestic wastewater represented health risks
greater than the U.S. EPA health benchmark for recreation (Symonds et al. 2016a; See Appendix
A). These concentrations are similar to those of other human-associated markers; it has been
estimated that 4,200 HF183 copies/100 ml and 2,800 BacHum copies/100 ml indicate health
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risks greater than the U.S. EPA benchmark (Boehm et al. 2015). However, HPyV detection alone
could not detect health risks as low as the U.S. EPA benchmark (Staley et al. 2012); thus, it
appears that PMMoV may be more sensitive than HPyV as a viral indicator (Symonds et al.
2016a; See Appendix A). While PMMoV consistently co-occurred with other human-associated
markers in surface waters as well as in RBF wells in both developing and developed country
contexts (Symonds et al. 2016a, Symonds et al. 2016b, Verbyla et al. 2016; See Appendix A, B,
and C), the PMMoV detection rates exceeded those of other markers in a developed country
context with mixed treated wastewater contamination (Symonds et al. 2016a; See Appendix A).
Consequently, PMMoV is an effective fecal indicator, specifically for domestic wastewater. It is
likely most appropriate as a viral surrogate for waters contaminated with untreated domestic
wastewater. Nevertheless, PMMoV may still be a useful surrogate for enteric viruses in surface
waters exposed to mixed treated wastewater if PMMoV threshold concentrations can be
established to distinguish risks exceeding the health benchmark.

Pepper Mild Mottle Virus as a Process Indicator
PMMoV is among the most persistent viruses, demonstrating resistance to a wide variety
of extreme chemical and temperature conditions and (waste)water treatments (Asami et al. 2016,
Betancourt et al. 2014, Colson et al. 2010, Hamza et al. 2011, Haramoto et al. 2013, Kitajima et
al. 2014, Kuroda et al. 2015, Rosario et al. 2009, Sangsanont et al. 2016, Schmitz et al. 2016,
Zhang et al. 2006). Even though PMMoV is a highly stable virus, EC treatment reduced its
concentrations in domestic wastewater by as much as 99.98% (Symonds et al. 2015; See
Appendix E), suggesting that EC treatment is highly effective for microbial removal. Although
PMMoV concentrations may not always decrease in accordance with all enteric viruses,
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PMMoV may be useful to understand removal mechanisms that cannot be observed using
reference pathogens. For example, limited PMMoV removal was observed in WTP systems;
however, PMMoV facilitated the identification of virus-particle interactions in these systems,
which helped to exclude sedimentation as an important virus removal mechanism (Symonds et
al. 2014; See Appendix D). Additionally, PMMoV was a useful process indicator to determine
virus removal of riverbank filtration systems and PMMoV also facilitated the identification of
crop contamination from indirect wastewater reuse for irrigation (Verbyla et al. 2016; See
Appendix C). These studies demonstrated that PMMoV can be useful as a process indicator for
wastewater treatment as well as wastewater reuse; however, it is advantageous to measure
PMMoV in concert with other reference pathogens, index surrogates, and/or indicators.

The Future of Pepper Mild Mottle Virus as a Surrogate for Enteric Viruses
Using the same adsorption-elution RT-qPCR method, PMMoV was incorporated into the
five, aforementioned surface water and (waste)water treatment studies as a means to understand
its usefulness as a surrogate for enteric viruses. PMMoV continues to show promise as a
surrogate for enteric viruses for the indication of fecal pollution as well as the evaluation of
(waste)water treatment. Even though this work expanded the known PMMoV geographic range
in wastewater by two more regions, its presence and usefulness as a surrogate for enteric viruses
in Africa, Australia, and the Middle East remains to be understood. Additional research is also
needed to further understand the correlation between PMMoV and various enteric viruses as well
as risk of illness, specifically with respect to its detection in the presence of mixed treated
wastewater. It is also important to determine if pepper farms and food processing plants could be
non-fecal related sources of PMMoV in the environment. Domestic wastewater also contains
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pandemic-causing enveloped viruses, which are traditionally not considered enteric viruses and
are structurally distinct; thus, the use of PMMoV as a surrogate for wastewater-related viruses in
general is an interesting and important research question to pursue (Wigginton et al. 2015).
Finally, improved PMMoV detection and quantification methods from environmental
water and wastewater are necessary to facilitate its usefulness as a surrogate and complement
changing paradigms in (waste)water management, which replace routine FIB monitoring with a
more holistic approach that includes sanitary surveys, targeted water quality monitoring, and
exploratory QMRA (Ashbolt et al. 2010, Symonds and Breitbart 2015; See Appendix F).
Possible technologies include digital PCR, which circumvents difficulties with inhibition (Cao et
al. 2015, Rački et al. 2014), as well as Nucleic Acid Sequence Based Amplification (NASBA)
and Enzyme-Linked Immunosorbent Assay (ELISA)-based rapid, dipstick tests (Symonds and
Breitbart 2015; See Appendix F), which could permit field-based PMMoV identification. The
importance of surrogates, like PMMoV, to inform water quality management, protect public
health, safely reuse wastewater, and achieve the Post-2015 SDGs will continue to grow as
urbanization and climate change increasingly put pressure on food and water resources (Coffey
et al. 2014, U.S. National Research Council 2012, United Nations 2015, United Nations Water
2015, WHO 2014). Thus, in order for surrogates, like PMMoV, to inform management
decisions, future research is also needed to improve the ease and cost of its identification in
water.
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ABSTRACT
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49

MST markers in Costa Rica as well as in Central America. Given the lack of wastewater
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treatment and the presence of secondary, extra-intestinal sources of FIB, this study highlights the
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importance of an MST toolbox approach to characterize water quality in a tropical, developing
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country context. Furthermore, it confirms and extends the geographic range of the suitability of
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1. Introduction
In Costa Rica, it is estimated that only 5% of domestic wastewater is treated prior to

71

surface water discharge (Contraloría de la República, 2013). Between 70 and 80% of wastewater

72

contamination reaching the Pacific Coast via the Gulf of Nicoya, the largest estuary in Costa

73

Rica, stems from rivers surrounding the densely populated San José metropolitan area (Mora

74

Alvarado et al., 2012). The Gulf of Nicoya, a medium-sized, tropical (dry and rainy seasons)

75

estuary located along the Pacific coast of Costa Rica, is one of the most important fishing areas

76

in the country and home to various community fishing associations (Araya et al., 2007; Chacón
3
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77

et al., 2007). The Gulf of Nicoya contains areas that have been formally designated as marine

78

responsible fishing areas by the Costa Rican government

79

catch fish and shrimp as well as cultivate oysters using responsible practices. Since

these are areas in which fisherman

(CR

80
81

INCOPESCA, 2013), domestic wastewater pollution threatens the sustainable use of this coastal

82

ecosystem as well as the local and national economy.

83

The microbial water quality of the Gulf of Nicoya is influenced by a mixture of human

84

and non-human sources that enter the Gulf in both the upper (shallow, less than 20 m) and lower

85

(deeper, ranging from 25 to 100 m in depth at the mouth) regions. The upper region is influenced

86

by the second largest watershed in Costa Rica, Greater Tempisque River Watershed (Palter et al.,

87

2007), which contributes high concentrations of fecal coliforms (as much as 2821 colony

88

forming units (cfu) 100 ml-1) from the surface wastewater discharge of several cities (Mora

89

Alvarado, 2004) as well as thousands of commercial farms that raise chicken, cattle, pigs, sheep,

90

and goats (CR SENASA, 2012). The lower region of the Gulf of Nicoya is influenced by the

91

poor water quality of the Barranca River (geometric mean fecal coliforms 2150 cfu/100 ml) and

92

the Grand River of Tarcóles (geometric mean fecal coliforms 840,000 cfu/100 ml), which has the

93

highest concentration of fecal coliforms in comparison to other rivers and receives a large

94

portion of the wastewater generated in the San José metropolitan area (Mora Alvarado, 2004).

95

Wild and domesticated animals also contribute to the fecal pollution in the Gulf of Nicoya and

96

principally include large quantities of seabirds and migratory birds, horses, livestock, and dogs.

97

To the best of our knowledge, the contribution of each of these sources of fecal pollution over

98

time has yet to be investigated.
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99

Currently, the Costa Rican National Water Laboratory monitors recreational surface

100

water quality for the presence of fecal indicator bacteria (FIB; e.g. fecal coliforms) using culture-

101

based techniques. While no legislation exists regarding the microbial water quality of shellfish

102

harvesting areas, the maximum allowed fecal coliform concentrations for fish and shrimp

103

aquaculture are 1000 cfu/100 ml and 100 cfu/100 ml, respectively (Mora Alvarado, 2004).

104

Although the Costa Rican governmental water quality monitoring utilizes fecal coliforms as an

105

indicator, it has been shown that Escherichia coli is a more effective indicator of recent

106

contamination as well as more representative of warm-blooded animal feces (WHO, 2009). A

107

previous study demonstrated that E. coli concentrations varied over time in two shellfish

108

harvesting areas within the Gulf of Nicoya, with noticeable differences between dry and rainy

109

seasons (Corrales and Vindas, 2014); however, mean E. coli concentrations were still within the
most probable

110
111

number (MPN)/

112

Oliveira et al., 2011).

113

/100 ml; Corrales and Vindas, 2014; Lee et al., 2008;

While all types of fecal pollution present a risk to human health, it has been demonstrated

114

that pig, gull, and chicken feces pose less of a health risk to humans in comparison to cow and

115

human feces (Soller et al., 2010). Even though fecal coliforms, E. coli, and enterococci are the

116

most commonly used FIB for monitoring microbial water quality in marine systems, they cannot

117

be used to distinguish between human and animal sources nor does their presence necessarily

118

indicate active fecal contamination given the possibility of re-suspension from sediments

119

(Anderson et al., 2005; Davies et al., 1995; Kelsey et al., 2004; Liang et al., 2015). Furthermore,

120

it has been demonstrated that secondary reservoirs of E. coli exist in tropical environments (e.g.

121

soil and runoff; reviewed in Winfield and Groisman, 2003) and genomic analyses have
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122

demonstrated the existence of environmentally-adapted strains of E. coli that are indiscernible

123

from commensal E. coli using traditional culture-based assays (Luo et al., 2011). Accordingly, a

124

microbial source tracking (MST) toolbox approach that employs multiple markers representing

125

different sources is preferred to circumvent the aforementioned difficulties with FIB and to

126

accurately characterize the extent of fecal pollution (Harwood et al., 2013b; Liang et al., 2015;

127

Stoeckel and Harwood, 2007). While the establishment of MST markers has occurred primarily

128

in developed countries to date, t

129

Sustainable Development goals in all countries was recently highlighted (UN Water, 2015).
The principal objective of this investigation was to determine the surface water quality of

130
131

four responsible fishing areas within the Gulf of Nicoya as well as the sources of fecal pollution

132

contributing to any impairment during the 2015 wet and dry seasons. In order to achieve this

133

objective, the sensitivity (i.e., the percentage of target host fecal samples that yield true positive

134

results) and specificity (i.e., the percentage of non-target host fecal samples that yield true

135

negative test results) of a suite of MST markers was determined through the analysis of animal

136

fecal samples as well as domestic wastewater collected from the region. To the best of our

137

knowledge, this is the first study to identify MST markers for use in Costa Rica and the first

138

study of its kind in Central America. The surface water quality of four shellfish harvesting areas

139

was then analyzed using E. coli MPN methods as well as molecular methods for a suite of FIB

140

and domestic wastewater/human-associated MST markers, selected for their suitability in the

141

region.

142
143

2. Materials and methods

144

2.1 Feces and wastewater collection, preservation, and nucleic acid purification
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Animal feces and domestic wastewater samples were collected using standard, sterile

145
146

techniques from areas within the Gulf of Nicoya drainage basin. Fecal samples were collected

147

from the following animals identified as most abundant in the region (CR SENASA, 2012):

148

chickens (n = 8), cows (n = 8), pigs (n = 7), dogs (n = 8), horses (n = 8), and sea birds (n = 8).

149

Samples were maintained at 4°C and nucleic acid purification was initiated within 24 h of

150

collection. A wet weight of 0.25 g of each fecal sample was preserved in bead beating tubes from

151

the

152

CA, USA) with 0.5 volumes of lysis buffer and stored at -20°C. Upon arrival to the University of

153

South Florida, samples were thawed and nucleic acid purification was resumed by adding the

154

remaining 0.5 volumes of lysis buffer and then following

155

Strand Synthesis Superscript III Reverse Transcription Kit (Invitrogen, Carlsbad, CA, USA) with

156

random hexamer primers was used to synthesize cDNA. One extraction blank was processed

157

alongside fecal samples and was negative for all MST marker PCR assays.

. The First

158

A total of eight 100-ml untreated, domestic wastewater samples were collected,

159

approximately each month from May to December 2015, in sterile Whirl-Pak® Bags (Nasco,

160

Fort Atkinson, WI, USA) from the domestic wastewater treatment facility in El Roble,

161

Puntarenas. In addition to receiving treated industrial wastewater, this facility serves an

162

estimated 29,847 permanent habitants, as well as a local hospital, prison, and hotel. Samples

163

were maintained at 4°C and processed within 24 h of collection. For the concentration of FIB

164

and bacterial markers, 50-ml aliquots of wastewater were filtered onto 0.45-µm, 47-mm mixed

165

cellulose filters (HAWP04700; EMD Millipore; Billerica, MA, USA) using sterile syringes and

166

filter holders. For the concentration of viruses, 50-ml aliquots were acidified with 2.0 N HCl to

167

pH 3.0 prior to filtration as previously described (Symonds et al., 2014). All filters for bacterial
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168

and viral analyses were stored at -20°C with 0.5 volumes of lysis buffer in 5-ml bead beating

169

tubes from the PowerWater® DNA Isolation Kit and PowerWater® RNA Isolation Kit (MoBio

170

Laboratories, Inc.; Carlsbad, CA, USA), respectively. Upon arrival to the University of South

171

Florida, samples were thawed and nucleic acid purification was resumed by adding the

172

remaining 0.5 volumes of lysis buffer and then following

173

and RNA were isolated for viral analyses using the PowerWater® RNA Isolation Kit by skipping

174

the DNase treatment. The First Strand Synthesis Superscript III Reverse Transcription Kit

175

(Invitrogen, Carlsbad, CA, USA) with random hexamer primers was used to synthesize cDNA.

176

2.2 Surface water collection, preservation, and nucleic acid purification
Coastal water samples (1.1-l) were collected monthly from March through December

177
178

2015 (with the exception of June and July) from the following oyster harvesting areas, located

179

within designated responsible fishing zones of marine protected areas, in the Gulf of Nicoya

180

(Figure 1; n

181

W

182
183

sterile Whirl-Pak® Bags (Nasco, Fort Atkinson, WI, USA), maintained at 4°C, and processed

184

within 24 h for bacterial analyses and 48 h for viral analyses. Each 1.1-l sample was divided into

185

three volumes and analyzed for E. coli (100 ml), bacterial MST markers (500 ml), and viral MST

186

markers (500 ml).

187

For all surface water samples intended for bacterial and viral MST analyses, 500-ml

188

aliquots were filtered separately as previously described for raw domestic wastewater. All filters

189

were stored, nucleic acids purified, and cDNA synthesized as described above for raw domestic

190

wastewater. In addition to an extraction blank, three process blanks comprised of distilled water
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191

that was processed alongside the samples from collection to analysis were also analyzed to

192

confirm the absence of cross-contamination. All process and extraction blanks were negative for

193

the FIB and MST markers analyzed using (RT-)qPCR.

194

2.3 Enumeration of Escherichia coli
E. coli (MPN) concentrations were determined for each surface water sample (100 ml) as

195
196

well as distilled water (negative control) using Aquagenx compartment bag tests (CBT;
s instructions (Stauber et al., 2014).

197
198

Analyses were executed within 24 h of collection. E. coli were not detected in any of the

199

negative controls (n = 8).

200

2.4 MST marker PCR analyses of fecal and wastewater samples
In order to identify MST markers appropriate for use in Costa Rica, all fecal and

201
202

wastewater nucleic acid samples were analyzed using the following (RT-)PCR assays and
(Silkie and Nelson 2009)

203
204

(Silkie and Nelson, 2009)

205

(Green et al., 2012)

206

2009)

207
208

(Sinigalliano et al., 2010)
(Riedel et al., 2014)

(Dick et al., 2005)

(Silkie and Nelson,
(Riedel et al., 2014)

(McQuaig et al., 2009), domestic wastewater
(Zhang et al., 2006)

virus

(Dick et al., 2005). All bacterial assays target

209

different regions of the Bacteroidales 16S rRNA gene, with the exception of Gull2 that targets

210

the 16S rRNA gene of Catellicoccus marimammalium. The HPyV assay targets the capsid

211

protein, while the PMMoV assay targets the replication-associated protein. All fecal and

212

wastewater (c)DNA samples were analyzed alongside positive and negative (e.g., water) controls

213

and had final reaction volumes of 50 µl, which included 2 µl (c)DNA and a final concentration
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214

of 1 µM of each primer. For the BacCow, DogBac, GFD, HF183, HPyV, HoF, and PF assays, 1x

215

Promega GoTaq® Green PCR Master Mix (PromegaTM; Madison, WI, USA) was used while

216

the BacCan, Gull2, y HorseBac, and PMMoV assays used 1x Apex Taq buffer with 1-unit Apex

217

Taq Polymerase (Genesee Scientific; Research Triangle Park, NC, USA) , 0.25 mM per dNTPs

218

and 1.5 mM MgCl2.

219

All PCR products were visualized using gel electrophoresis with ethidium bromide.

220

Positive PCR products were purified with the Zymo DNA Clean and Concentrator-5 Kit (Zymo

221

Research Group, Irvine, CA, USA). Purified PCR products were sequenced and verified using

222

the NCBI GenBank database. No amplification was observed in any of the assay negative

223

controls. Only sequence-verified PCR products were considered when calculating the sensitivity

224

(e.g., proportion of true positive target organism fecal or wastewater samples) and specificity

225

(e.g., proportion of true negative non-target organism fecal or wastewater samples) of each (RT-

226

)PCR assay (Harwood et al., 2013b). In order to calculate the confidence interval of each
-suited for small

227
228

sample sizes, was used to determine the two-sided confidence interval from a beta posterior

229

(Brown et al., 2001).

230

2.5 (RT-)qPCR analyses of wastewater and surface water

231

Viral nucleic acid wastewater samples were analyzed as previously described using the

232

following assays (Table S2): human adenovirus (AdV; Jothikumar et al., 2005), HPyV

233

(McQuaig et al., 2009), norovirus (NoV) genotype I (Svraka et al., 2009; Symonds et al., 2014),

234

rotavirus group A (RV; Svraka et al., 2009; Symonds et al., 2014), and PMMoV (Haramoto et

235

al., 2013; Symonds et al., 2014). Bacterial DNA surface water samples were analyzed for the

236

following FIB and MST markers, using published assays and conditions (Table S2): total
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237

Enterococcus

238

2011), and human-associated Bacteroides

239

Additionally, viral nucleic acid surface water samples were analyzed for HPyV and PMMoV. All

240

analyses were executed in 25 µl reactions using the ABI 7500 Real Time PCR system (Thermo

241

Fisher Scientific, Grand Island, NY, USA). Reactions contained 2 µl template DNA or cDNA,

242

assay specific concentrations of primers and probes, and the TaqMan® Environmental Master

243

Mix 2.0 no UNG (Thermo Fisher Scientific, Grand Island, NY, USA).

244

(US EPA, 2013), E. coli (Ahmed et al., 2016b; Chern et al.,
(Haugland et al., 2010; Shanks et al., 2009).

For each (RT-)qPCR analysis, dilution series of purified plasmids containing the assay

245

target were analyzed in duplicate for each qPCR run and each sample was run in duplicate

246

alongside no template controls as well as process and nucleic acid purification controls. No

247

inhibition was observed per third-well target spikes for the E. coli and PMMoV assays. All (RT-

248

)qPCR analyses were executed in agreement with the MIQE qPCR guidelines (Bustin et al.,

249

2009); all standard curves had efficiencies between 90

250

exception of the NoV assay (76% efficiency, which may lead to an overestimation of

251

concentrations). The ABI 7500 Software v2.0.6 (Thermo Fisher Scientific, Grand Island, NY,

110% with R2

252
253

for each assay and sample by linear regression analysis of the quantification cycle (C q) and copy

254

number for each duplicate, purified recombinant plasmid dilution series. Sample concentrations

255

were then back-calculated to account for all dilutions in the analysis process.

256

Samples for which neither replicate amplified and samples that did not successfully

257

amplify above the limit of quantification (LOQ) in both replicate qPCR reactions (i.e., only
. If both replicate samples successfully

258
259

amplified below the LOQ, then these samples were considered positive but below the LOQ.
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260

Most nucleic acid purification and process controls were ND for all (RT-)qPCR assays.

261

However, positive but below the LOQ concentrations were detected for the PMMoV assay in the

262

wastewater process controls. Additionally, E. coli and Entero1A assays were positive but below

263

the LOQ in some of the surface water process controls. The wastewater theoretical process LOQ

264

(the minimum concentration necessary to yield quantifiable results, assuming 100% recovery)

265

was 500 AdV, 100 HPyV, 13 RV, 131 NoV, and 131 PMMoV copies/ml. The theoretical process

266

LOQ for surface water samples was 50 E. coli, Enterococcus spp., and HF183; 1000 HPyV; and

267

1300 PMMoV copies/100 ml.

268

2.6 Analysis of surface water quality data in shellfish harvesting areas
Non-parametric multivariate analysis of variance (NP-MANOVA) was used to determine

269
270

if

tions among

271

shellfish harvesting areas as well as between seasons (e.g., dry (March, April, May, December)

272

and wet (August, September, October, November)). In order to down-weight high

273

concentrations and meet the homogeneous within-group variance assumption, a square-root

274

transformation was executed before NP-MANOVA. Following NP-MANOVA, the similarity

275

percentages (SIMPER) procedure was used to identify which FIB variable contributed the most

276

to any observed significant differences among sites or seasons. All analyses were executed in

277

MATLAB and Statistics Toolbox 2012b (MathWorks ®, Natick, MA, USA) and with the

278

Fathom toolbox (Jones, 2015).

279
280

3. Results

281

3.1 Microbial source tracking PCR markers

12
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282

The eleven (RT-)PCR assays analyzed had sensitivities (i.e., true positives for target

283

organisms) ranging from 13

100% and specificities (i.e., true negatives for non-target

284

organisms) ranging from 38

100% (Table 1). Of the human/domestic wastewater-associated

285

MST markers, HF183 had higher sensitivity (100%) than HPyV and PMMoV (75%); however,

286

HF183 had lower specificity (94%) than either of the viral markers (100%) because sequence-

287

verified amplicons were produced from chicken feces. While both assays designed to identify

288

dog feces cross-reacted with domestic wastewater, the BacCan assay had greater sensitivity and

289

specificity compared to the DogBac assay, which also produced amplicons from horse and

290

seabird feces. The GFD assay, a general assay for avian feces, was only 44% sensitive to seabird

291

and chicken feces and was 56% specific because it cross-reacted with domestic wastewater,

292

horse, dog, cow, and pig feces. Both assays designed for horse feces performed similarly, with

293

38% sensitivity and 100% specificity. The PF assay had among the greatest sensitivity (100%)

294

and was 82% specific to pig feces, cross-reacting with domestic wastewater, chicken, horse, and

295

seabird feces. The BacCow assay had high sensitivity (88%) to cow feces; however, it was the

296

least specific (62%), cross-reacting with all non-target animals except seabirds. The Gull2 assay

297

had the lowest sensitivity (13%) but 100% specificity. Assays with lower sensitivities and/or

298

specificities (< 90%) also had a greater range in the upper and lower confidence intervals.

299

3.2 Viruses in domestic wastewater

300

Unlike RV, which was detected in only one sample, AdV, HPyV, NoV, and PMMoV

301

were detected in all domestic wastewater samples (Figure 2). PMMoV concentrations were

302

generally greater (102

303

each sample collection. While minimum PMMoV concentrations were similar to the minimum

304

concentrations of AdV, HPyV, and NoV (10 2 copies/ml), the median and maximum PMMoV

105 copies/ml) than those of the other viruses (10 1

104 copies/ml) for
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305

concentrations were at least an order of magnitude greater than those of the aforementioned

306

human viruses. Sixty-three percent and 100% of the detected quantities for AdV and RV,

307

respectively, were below the LOQ.

308

3.3 Surface water quality in shellfish harvesting areas
Only FIB, using both culture-based and molecular methods, were detected in the shellfish

309
310

harvesting area surface waters during 2015 (Figure 3). The human-associated HF183 bacterial

311

and viral (HPyV and PMMoV) markers were not detected in any samples. Even though E. coli

312

was always detected using MPN methods, E. coli and Entero1A were only detected by qPCR in

313

81% and 41% of the samples, respectively. Furthermore, 50% of the E. coli and 6% of the

314

Entero1A concentrations reported were below the LOQ. Maximum E. coli MPN concentrations
E. coli MPN concentrations ranged

315
316

No significant difference in FIB concentrations among sites was identified with 95%

317

3700) using NP-MANOVA. However, significant differences in FIB

318
319

concentrations between the dry and rainy seasons were observed

200). Overall,

320

geometric mean concentrations of FIB nearly doubled in the rainy season, increasing from 55 E.

321

coli MPN/100 ml, 29 E. coli copies/100 ml, and 57 Entero1A copies/100 ml to 91 E. coli

322

MPN/100 ml, 55 E. coli copies/100 ml, and 95 Entero1A copies/100 ml. Furthermore, the

323

percentage of samples with FIB detection increased from 50% in the dry season to 72% in the

324

rainy season. The subsequent SIMPER analysis results identified that E. coli concentrations

325

determined by qPCR contributed the most to the total average dissimilarity observed among

326

seasons (42%), followed by Entero1A concentrations (39%), and E. coli MPN measurements

327

(19%).
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328
329

4. Discussion

330

4.1 Microbial source tracking markers identified for use in Costa Rica

331

In order to accurately identify human health risks and overcome the false-positive results

332

associated with using FIB (Lamparelli et al., 2015), eleven MST (RT-)PCR assays, originally

333

developed in North America, were evaluated for their use in Costa Rica. Since species-specific

334

fecal microbial communities may vary by region, it is essential to determine the specificity and

335

sensitivity of MST markers developed in other regions prior to their implementation in a new

336

region (Harwood et al., 2013b). In general, the animal-associated assays tested in this study were

337

less sensitive and less specific to their target organism(s) in Costa Rica than previously described

338

(Ahmed et al., 2016a; Boehm et al., 2013; Harwood et al., 2013b; Schriewer et al., 2013).

339

However, the performance of the PigBac and BacCow assays were similar to previous studies in

340

the United States of America and Canada (Boehm et al., 2013). The BacCow, BacCan, DogBac,

341

GFD, and PF assays cross-reacted with 75

342

are primarily composed of human feces. It is possible that animal feces were also introduced to

343

the Barranca wastewater treatment system via illegal inputs of stormwater runoff and/or

344

infiltration of surface runoff (Walski et al., 2004); alternatively, it is plausible that these animal-

345

associated assays cross-reacted with human feces as previously demonstrated (Schriewer et al.,

346

2013). The Gull2 assay had the lowest sensitivity, which is likely biased by the fact that only

347

mixed seabird fecal samples were tested; thus, future research is needed to more accurately

348

evaluate its sensitivity in Costa Rica. While future investigations should expand the sensitivity

349

and specificity analyses to improve confidence intervals as well as improve the human- and

100% of the domestic wastewater samples, which
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350

animal-associated MST assays evaluated, this study provides an essential first step in developing

351

an MST toolbox for distinguishing sources of fecal pollution in Costa Rica.

352

Since previous studies have highlighted the advantages of using wastewater-related

353

viruses to identify human fecal pollution (Ahmed et al., 2016b; Harwood et al., 2013a), the

354

concentrations of the most commonly used viral MST markers and reference pathogens were

355

determined for Costa Rican domestic wastewater as a means to identify the most suitable,

356

human-associated, viral MST marker. While the observed median PMMoV and NoV

357

concentrations (104 and 103 copies/ml, respectively) were within the range previously reported in

358

other countries (Hamza et al., 2011; Katayama et al., 2008; Kitajima et al., 2014; Kuroda et al.,

359

2015; Rosario et al., 2009; Symonds et al., 2014), AdV and HPyV were detected in

360

concentrations (e.g., 102 and 103 copies/ml, respectively) an order of magnitude less than in

361

Australia (Ahmed et al., 2016b) and within the lower range previously reported in other countries

362

(Fong et al., 2010; Harwood et al., 2013a; Katayama et al., 2008; McQuaig et al.,2009).

363

Interestingly, RV was not detected in quantifiable concentrations, which may be the result of low

364

rates of infection and vaccination programs. PMMoV, and to a lesser extent HPyV, were the

365

viruses most consistently observed in quantifiable concentrations; thus, they are the most

366

promising viral MST markers analyzed in this study.

367

Three human-associated PCR assays, HF183, HPyV, and PMMoV, were identified for

368

use in Costa Rica since they each had high sensitivity and specificity to domestic wastewater.

369

Even though HPyV and PMMoV were 75% sensitive to domestic wastewater using (RT-)PCR,

370

both viruses were consistently quantified in all samples using (RT-)qPCR (e.g., 100%

371

sensitivity). It is likely that this observed disparity is a reflection of the higher detection limit of

372

the PCR assays. Similar to other studies (Ahmed et al., 2016b; Harwood et al., 2013b), the
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373

HF183 marker was less than 100% specific to domestic wastewater in Costa Rica. However,

374

unlike previous MST studies in the United States of America, PMMoV was 100% specific to

375

domestic wastewater (Harwood et al., 2013b), which may be a consequence of sample size,

376

differences in assay amplification of the PMMoV target, or possibly animal diets. This study

377

suggests that the HF183, HPyV, and PMMoV assays are appropriate to utilize along the Pacific

378

Coast of Costa Rica; however, future studies are needed to expand the sample size and

379

geographic range of this investigation.

380

4.2 Limited fecal pollution observed in shellfish harvesting area surface waters

381

The Gulf of Nicoya is a medium-sized estuary where microbial water quality is heavily

382

influenced by riverine input of untreated wastewater from densely populated regions (Mora

383

Alvarado et al., 2012). Despite the lack of wastewater treatment in Costa Rica, limited fecal

384

pollution was identified and no human fecal pollution was observed in any of the surface waters

385

from the four shellfish harvesting areas investigated. While a similar range of FIB concentrations

386

was detected across all sites, significant differences in FIB concentrations were observed by

387

season. FIB concentrations were greatest during the rainy season, which may be the result of

388

runoff and resuspension of sediments. The results of this study support the only other fecal

389

pollution study of shellfish harvesting area waters in the region, which also identified limited

390

fecal pollution as well as increased FIB concentrations in the rainy season and found limited

391

evidence of fecal pollution (Corrales and Vindas, 2014).

392

Similar to other microbial water quality studies, various methodological biases could

393

have affected the results and conclusions of this study. It is possible that the results of this study

394

were biased by the inevitable losses associated with concentrating and detecting FIB and MST

395

markers from surface waters; however, no qPCR inhibition was observed and the most efficient
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396

nucleic acid purification kits were used (Iker et al., 2013). Additionally, the E. coli MPN

397

methods were limited in their ability to quantify concentrations exceeding 100 MPN/100 ml;

398

thus, it is difficult to directly compare the E. coli MPN and FIB qPCR results. However, it is

399

well-known that FIB concentrations derived from culture-based methods are typically orders of

400

magnitude less than those estimated from qPCR methods because culture-based methods only

401

target metabolically active cells while qPCR methods detect all cells (Haugland et al., 2005;

402

Noble et al., 2010). Consequently, the low FIB concentrations and absence of human-associated

403

markers of fecal pollution suggest that the shellfish harvesting areas studied were exposed to low

404

levels of fecal pollution in 2015. In order to ensure safe oyster cultivation and overcome possible

405

false-positive FIB results, future studies should include these MST markers to monitor shellfish

406

harvesting area water quality as wastewater management practices change.

407
408

5. Conclusions

409

This is the first study to our knowledge to test the performance of MST markers in

410

Central America. A suite of MST assays was identified for bird, dog, horse, pig, and cow

411

feces as well as domestic wastewater for use in the Costa Rica.

412

PMMoV is an important tool in the Costa Rican MST toolbox for monitoring domestic

413

wastewater pollution because of its high concentrations as well as 100% sensitivity and

414

specificity.

415

All shellfish harvesting areas had sufficient water quality for shellfish production per

416

the low FIB concentrations and absence of human/domestic wastewater-associated

417

markers during the monitoring period.

418
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Table 1. The sensitivity (%) and specificity (%) of microbial source tracking (RT-)PCR assays in
Costa Rica from a total of eight samples from each fecal source, with the exception of seven pig
sensitivities and specificities.
Sensitivity
(RT-)PCR
Assay

Fecal
Source

LCI
(%)

(%)

BacCow

Cow

60.3

88

BacCan

Dog

60.3

88

DogBac

Dog

44.9

GFD

Chicken &
Seabird

Gull2

Specificity
UCI
(%)

LCI
(%)

(%)

UCI
(%)

25.1

38

52.2

99.9

71.5

83

92.3

Domestic wastewater (8)

75

96.7

56.8

70

82.3

Domestic wastewater (8),
Horse (2), Seabird (4)

21.7

44

66.9

41.1

56

71.3

Cow (1), Dog (3),
Domestic wastewater (5),
Horse (3), Pig (5)

Seabird

0.1

13

39.7

96.0

100

100.0

n/a

HorseBac

Horse

10.4

38

68.6

96.0

100

100.0

n/a

HoF

Horse

10.4

38

68.6

96.0

100

100.0

n/a

HF183

Domestic
wastewater

79.2

100

100.0

85.4

94

98.9

Chicken (3)

HPyV

Domestic
wastewater

44.9

75

96.7

96.0

100

100.0

n/a

PMMoV

Domestic
wastewater

44.9

75

96.7

96.0

100

100.0

n/a

PF

Pig

76.8

100

100.0

69.5

81

91.0

Chicken (1), Domestic
wastewater (6), Horse (1),
Seabird (1)

99.9

Non-Target Fecal Source
(number positive)
Chicken (5), Dog (3),
Domestic wastewater (8),
Horse (6), Pig (7)

611

25
76

612

FIGURES

613
614

Figure 1. Map of the Gulf of Nicoya, Costa Rica with municipalities, rivers, marine protected

615

areas, and the locations of the investigated shellfish harvesting area (1

4) depicted.

26
77

616

617
618

Figure 2. Concentration of human adenovirus (AdV; n = 8), human polyomavirus (HPyV; n = 8),

619

norovirus genotype 1 (NoV; n = 7), pepper mild mottle virus (PMMoV; n = 8), and rotavirus

620

(RV; n = 7) concentrations (copies/ml) in untreated domestic wastewater from El Roble,

621

Puntarenas, Costa Rica. The lower and upper boxes represent the 25 th and 75th percentiles,

622

respectively. The lower and upper bars denote the minimum and maximum values, respectively.

623

Concentrations below the limit of quantification (LOQ) are depicted in gray. It should be noted

624

that five samples had AdV concentrations below the LOQ and that RV was only detected in

625

concentrations below the LOQ in one sample. Note the logarithmic scale on the vertical axis.

27
78

626
627

Figure 3. Concentrations (MPN or copies/100 ml) of fecal indicator bacteria (E. coli and

628

Enterococcus spp. (Entero1A) at four sites in the Gulf of Nicoya (n = 8 samples per site). The

629

MST markers (human-associated Bacteroides (HF183), human polyomavirus (HPyV), pepper

630

mild mottle virus (PMMoV)) were not detected in any of the samples. Sites are listed from the

631

most internal (top panel) to closest to the estuary mouth (bottom panel). The lower and upper
28
79

632

boxes represent the 25th and 75th percentiles, respectively. The lower and upper bars denote the

633

minimum and maximum value, respectively. Concentrations below the limit of quantification

634

(LOQ) are depicted in gray; note that the E. coli MPN concentrations are right-censored because
l cannot be quantified. Note the logarithmic scale on the

635
636

vertical axis.
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Table S1. Microbial source tracking PCR assays used to identify markers appropriate for use in
Costa Rica.

Assay

Primer Name and Sequence (5’ – 3’)

GFD

(F) TCGGCTGAGCACTCTAGGG
(R) GCGTCTCTTTGTACATCCCA

BacCow

(CF128) CCAACYTTCCCGWTACTC
(305R) GGACCGTGTCTCAGTTCCAGTG

Target
Organism
Avian
(general)

Reference

Cow

(Silkie and Nelson 2009)

BacCan

(Can-545F1) GGAGCGCAGACGGGTTTT
Dog
(Uni-690R1) CAATCGGAGTTCTTCGTGATATCTA
(Uni-690R2) AATCGGAGTTCCTCGTGATATCTA

(Silkie and Nelson 2009)

DogBac

(DF475F) CGCTTGTATGTACCGGTACG
(Bac708R) CAATCGGAGTTCTTCGTG

Dog

(Sinigalliano et al. 2010)

Gull2

(F) TGCATCGACCTAAAGTTTTGAG
(R) GTCAAAGAGCGAGCAGTTACTA

Gull

(Riedel et al. 2014)

HorseBact

(Ho-622F) TGCGTAGGCGGGAAGTCA
(Ho-622F-w.7) AGCGCAGGCGGAGTGAT
(Ho-722R) GAATTCCATCGCCCTCTAGTGT
(Ho-722r-w.7) AGTTCCGCCTTCCTCTCCC

Horse

(Silkie and Nelson 2009)

HoF

(HoF597F) CCAGCCGTAAAATAGTCGG
(Bac708R) CAATCGGAGTTCTTCGTG

Horse

(Dick et al. 2005)

HF183

(F) ATCATGAGTTCACATGTCCG
(R) CAATCGGAGTTCTTCGTG

Human

(Riedel et al. 2014)

HPyV

(F) AGTCTTTAGGGTCTTCTACCTTT
(R) GGTGCCAACCTATGGAACAG

Human

(McQuaig et al. 2009)

PMMoV

(F) AACCTTTCCAGCACTGCG
(R) GCGCCTATGTCGTCAAGACT

Human

(Zhang et al. 2006)

Pig

(PF163F) GCGGATTAATACCGTATGA
(Bac708R) CAATCGGAGTTCTTCGTG

Pig

(Dick et al. 2005)

82

(Green et al. 2012)

Table S2. (RT-)qPCR assays used in this study to analyze wastewater and surface waters.
Assay
AdV

Oligonucleotide Name and Sequence (5’ – 3’)
(F) GGACGCCTCGGAGTACCTGAG
(R) ACIGTGGGGTTTCTGAACTTGTT
(probe) [FAM]CTGGTGCAGTTCGCCCGTGCCA[MGBNFQ]

Reference
(Jothikumar et al.
2005)

E. coli

(F) GGTAGAGCACTGTTTTGGCA
(R) TGTCTCCCGTGATAACTTTCTC
(probe) [FAM]TCATCCCGACTTACCAACCCG[TAMRA]

(Chern et al. 2011)

Entero1A

(F) GAGAAATTCCAAACGAACTTG
(R) CAGTGCTCTACCTCCATCATT
(probe) [FAM]GGTTCTCTCCGAAATAGCTTTAGGGCTA[TAMRA]

(U.S. Environmental
Protection Agency
2013)

HF183

(F) ATCATGAGTTCACATGTCCG
(R) CGTAGGAGTTTGGACCGTGT
(probe) [FAM]CTGAGAGGAAGGTCCCCCACATTGGA[TAMRA]

(Riedel et al. 2014)

HPyV

(F) AGTCTTTAGGGTCTTCTACCTTT
(R) GGTGCCAACCTATGGAACAG
(probe) [FAM]TCATCACTGGCAAACAT[MGBNFQ]

(McQuaig et al.
2009)

NoV
genotype
1

(F) CARGCCATGTTYCGYTGGATG
(R) CCTTAGACGCCATCATCATTTAC
(probe) [FAM]TGGACAGGAGAYCGCRATCT[BHQ-1]

(Svraka et al. 2009,
Symonds et al. 2014)

PMMoV

(F) GAGTGGTTTGACCTTAACGTTTGA
(R) TTGTCGGTTGCAATGCAAGT
(probe) [FAM]CCTACCGAAGCAAATG[MGBNFQ]

(Haramoto et al.
2013, Symonds et al.
2014)

RV

(F) ACCCTCTATGAGCACAATA
(R) GGTCACATAACGCCCCTA
(probe) [FAM]CTAACACTGTCAAAAACCTAA[TAMRA]

(Svraka et al. 2009,
Symonds et al. 2014)
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Appendix C: Managing Microbial Risks from Indirect Wastewater Reuse for Irrigation in
Urbanizing Watersheds
Reprinted with permission from Verbyla, M.E., Symonds, E.M., Kafle, R.C., Cairns, M.R.,
Iriarte, M., Mercado, A., Coronado, O., Breitbart, M., Ledo, C. and Mihelcic, J.R. (2016)
Managing microbial risks from indirect wastewater reuse for irrigation in urbanizing watersheds.
Environmental Science & Technology 50(13), 6803-6813. Copyright 2016 American Chemical
Society.
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S.1 Description of the Research Site
The Cochabamba Valley, located in the Andean mountain range, is the third most-populated
urban region in Bolivia. The department of Cochabamba has the largest area of irrigated agriculture
in Bolivia, and also leads the country in production of vegetable crops (119,000 metric tons per
year), with 86% of this production resulting from irrigated agriculture.1 However, Cochabamba
only receives an average of 482 mm of rainfall per year, and is one of the most water-scarce urban
regions in South America.2 The Rocha River runs directly through the center of the lower
Cochabamba valley, passing within 10 kilometers of more than one million people who live in this
sprawling urban region. The flow rate in this river typically ranges from 0.03 to 0.12 m3 s-1 during
the month of June (which is the peak of the dry season and the irrigation season).3
The Rocha River sediment contains 3% gravel, 3% clay, 16% silt, and 81% sand, with only 0.4%
-1

, a cationic exchange capacity of

5.64 ±0.52 cmol kg-1, a chloride concentration of 72.5 mg L-1, and a pH of 8.0.4 The riverbank
filtration (RBF) well is recharged by the river and may also be recharged to a certain extent by
ambient ground water, which can originate from bank infiltration at upstream sections of the river,
excess irrigation water applied to nearby farm plots, or infiltrating precipitation. The recharge area
south of the river consists of clays, sands, and igneous rock with low permeability and low recharge
capacity.5 Lettuce farmers in this region construct small, rectangular plots (known locally as
melgas, platabandas or cajetas) separated from each other by small earthen berms. They irrigate
using border or basin irrigation, adding water to a trench running along one side of the plots,
allowing furrows between crop rows to fill up sequentially with water (Figure S1).
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Figure S1. Typical rectangular plots separated by earthen berms and used for border/basin
irrigation of crops in the Cochabamba Valley of Bolivia

S.2 Sampling Schedule
Samples were collected to accommodate local crop rotation patterns. Not all samples were
analyzed for all parameters on each sampling occasion. Table S1 contains a summary of the
complete sampling schedule. Water samples from the Rocha River and the RBF well were
analyzed for E. coli, Giardia, and Cryptosporidium on four of the nine sampling occasions; and
analyzed for coliphage on eight of the nine sampling occasions. All qPCR and RT-qPCR assays
(for NoVGI (only in Rocha River water)), RV, AdV, PMMoV, and HF183) were performed on
samples (n = 5 to 10 per water type) collected on the same day in June 2013. Soil samples were
only analyzed for coliphage, Giardia, and Cryptosporidium (qPCR and RT-qPCR methods were
not used for soil samples). Lettuce samples were analyzed for coliphage, Giardia, and
Cryptosporidium (two to three sampling occasions), and also for PMMoV and AdV (one sampling
occasion with 15 samples).
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Table S1. Water, soil, and lettuce sample collection dates for microbial and molecular
analyses
Site

Sample Collection Dates
(total number of samples)
Soil Samples

Lettuce Samples

(0)

(0)

Mar., Oct. 2013; Sep.,
Oct., Nov., Dec., 2014
(6)

Mar., Oct. 2013
(2)

Mar., Oct. 2013
(2)

Mar., Oct. 2013
(4)

Mar., Oct. 2013
(2)

Mar., Oct. 2013
(2)

June 2013
(2 – 5)

(0)

(0)

(0)

(0)

Mar., Oct. 2013; Sep.,
Oct., Nov., Dec., 2014
(8)

Mar., Oct. 2013
(3)

Mar., Oct. 2013
(3)

Mar., Oct. 2013
(3)

Mar., Oct. 2013
(3)

Mar., Oct. 2013
(3)

June 2013
(10)

(0)

June 2013
(15) b

Parameter
Water Samples
E. coli

Coliphage
Rocha River
Giardia &
Cryptosporidium

(RT-)qPCR targetsa

E. coli

Coliphage
RBF system
Giardia &
Cryptosporidium

(RT-)qPCR targetsc
a
b
c

Mar., Oct. 2013
(4)

Mar., Oct. 2013
(3)

NoVGI, RV, AdV (qPCR only), PMMoV, and HF183
PMMoV (RT-qPCR) and AdV (nested PCR) only
RV, AdV (qPCR only), PMMoV, and HF183
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S.3 Modified Adsorption-Elution Method
A modified adsorption-elution method, described previously,6 was used to concentrate water
samples for (RT-)qPCR analysis of enteric viruses NoVGI, RV and AdV, as well as microbial
source tracking targets PMMoV and HF183. Briefly, water samples (50 mL for untreated river
water, 1,000 mL for RBF system water), adjusted to pH 3.0 – 3.5 with 1 M acetic acid, were filtered
onto 0.45-

-mm mixed cellulose ester filters (HAWP type, Millipore, Billerica, MA). Filters

were placed into bead-beating tubes (lysis matrix E, MP Biomedical, Solon, OH). Unlike the
adsorption-elution method described previously,6 water samples for this study were filtered using
a vacuum pump and filter manifold set-up. Stainless steel filter holders were rinsed with autoclaved
distilled water between samples and disinfected via flaming with ethanol. RBF system samples
were processed prior to the Rocha River samples, to minimize cross-contamination. Process
blanks, using autoclaved distilled water, were collected from each filter holder after all samples
had been processed. Filters were mechanically disrupted with a Pewee Boxer Model 3115RS-12TB20 bead beater (Biospec Products, Bartlesville, OK) for three min during the lysis step.
Supernatants from the bead-beating tubes were transferred to clean tubes, then DNA and RNA
were extracted and purified using the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA), eluting
off the membranes with 50 µL of molecular grade water; RNA was immediately reverse
transcribed using the Superscript III First Strand Synthesis Kit with random hexamers (Invitrogen,
Carlsbad, CA).6

S.4 Extraction, Purification and Reverse Transcription Controls
A synthetic equine arteritis virus (EAV) RNA oligonucleotide was used as an RNA purification
and reverse transcription control, as described previously.6 Salmon sperm DNA (Sigma-Aldrich,
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St. Louis, MO) was used as a DNA extraction and purification control.7 Each sample, as well as a
calibrator sample containing molecular grade water, was spiked with 5×109 copies of a synthetic
EAV RNA oligonucleotide and 140 ng of salmon sperm DNA, prior to bead-beating. Based on the
recovery of these controls, water samples had RNA purification and reverse-transcription
efficiencies of 28 – 79%, and DNA extraction and purification efficiencies of 30 – 46%. Based on
these recoveries, it is likely that the reported virus concentrations under-represent actual
concentrations.
DNA/RNA purification blanks and (RT-)qPCR no-template controls were all negative, and
process controls showed negligible contamination. None of the extraction blank samples exhibited
amplification with (RT-)qPCR, but the process control samples tested positive for RV and
PMMoV, with concentrations below the process limit of detection. Fortunately, the samples were
processed in order from lowest to highest virus concentrations to minimize cross-contamination
(well water samples were filtered before Rocha River samples), and the process blanks were
filtered at the end; thus, the observed contamination represents a worst-case contamination
scenario.

S.5 Quantitative Polymerase Chain Reaction (with Reverse Transcription) ((RT-)qPCR)
All (c)DNA samples were analyzed in duplicate. For EAV, PMMoV, AdV, NoVGI, and RV
assays, a third replicate was either diluted 2:20 or spiked with 105 copies of custom-made
pIDTSMART purified plasmids with ampicillin resistance (Integrated DNA Technologies,
Coralville, IA), to test for qPCR inhibition. All pIDTSMART purified plasmids contained the
target sequence of the assay, which was identified from the following GenBank sequences:
NC_002532.2 (EAV), AB550911.1 (PMMoV), L19443.1 (AdV), NC_001959.2 (NoVGI), and
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HM627561.1 (RV). All samples were run alongside a six- or seven-point standard curve of
plasmids, ranging from 10 - 107 plasmids per reaction for RV and EAV, from 100 – 108 plasmids
per reaction for PMMoV, from 100 – 107 plasmids per reaction for AdV and NoVGI, and from 1
– 106 plasmids per reaction for HF183. Standard curve dilutions were run in duplicate or triplicate
during each run and all of the data were pooled together at the end to produce a single standard
curve for each assay. All no-template controls, which contained molecular grade water, were also
analyzed in duplicate for each (RT-)qPCR analysis to ensure no cross-contamination. All standard
curves met the recommended standards for qPCR, having R2 values >0.97 and qPCR efficiencies
between 90% and 110%.8
Up to four plates were

for the AdV assay)

volumes of sample DNA or cDNA, 1x Taqman Environmental Master Mix
2.0 (Life Technologies, Grand Island, NY), as well as primers, probes, and other reagents with the
concentrations shown in Tables S2 and S3. The ABI7500 Real Time PCR system (Life
Technologies, Grand Island, NY) was used with the cycling temperatures and conditions shown in
Table S3. The 7500 software v2.0.6 (Life Technologies, Grand Island, NY) was used, with the
default settings, to determine the quantification cycle (Cq) values for each qPCR well. The results
for the standard curves for each of the assays are presented in Table S3. The number of virus copies
in unknown samples was determined by comparing the quantification cycle (Cq) value of the
sample to the log-linear relationship between the Cq values and copy numbers of the standard
dilution curve.
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Primers and Probes (5’-3’)*
F: CTTGTGCTCAATTTACTGG
R: GGCAGAGGTACAGAATAG
[TxRed]TGCAGCTTATGTTCCTTGC[BHQ-2]
F: GAGTGGTTTGACCTTAACGTTTGA
R: TTGTCGGTTGCAATGCAAGT
[FAM]CCTACCGAAGCAAATG[TAMRA]
F: ACCCTCTATGAGCACAATA
R: GGTCACATAACGCCCCTA
[FAM]CTAACACTGTCAAAAACCTAA[TAMRA]
F: CARGCCATGTTYCGYTGGATG
R: CCTTAGACGCCATCATCATTTAC
[FAM]TGGACAGGAGAYCGCRATCT [BHQ-1]
F: GGACGCCTCGGAGTACCTGAG
R: ACIGTGGGGTTTCTGAACTTGTT
[FAM]CTGGTGCAGTTCGCCCGTGCCA[MGBNFQ]
F: GGTTTCCGCAGCTGGG
R: CCGAGCCGTCCTGGTC
[FAM]AGTCGCAGGCGGCCACCGT[TAMRA]
F: ATCATGAGTTCACATGTCCG
R: TACCCCGCCTACTATCTAATG
[FAM]TTAAAGGTATTTTCCGGTAGACGATGG[TAMRA]
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F = forward; R = reverse;
TxRed = texas red; BHQ = black hole quencher; FAM = 6-Carboxyfluorescein; TAMRA = tetramethylrhodamine;
MGBNFQ = minor groove binder non-fluorescent quencher (Life Technologies, Grand Island, NY)

*

HF183 Bacteroides 16S rRNA
genetic marker

Salmon sperm DNA

Human adenovirus
(AdV)

Human norovirus genotype I
(NoVGI)

Human rotavirus group A
(RV)

Pepper mild mottle virus
(PMMoV)

Equine arteritis virus (EAV)

Assay

Table S2. (RT-)qPCR primers and probes
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77

96

98

73

68

115

Amplicon size (bp)

14

7,13

11,12

9

9

6,10

9

Reference

c

b

a

400 nM each

500 nM each

500 nM each

250 nM each

1,000 nM each

1,000 nM each

Pepper mild mottle virus
(PMMoV)

Human rotavirus group A
(RV)

Human norovirus genotype I
(NoVGI)

Human adenovirus
(AdV) b

Salmon sperm DNA
(Sketa22) c

HF183 Bacteroides 16S rRNA
genetic marker c
80 nM

80 nM

150 nM

250 nM

250 nM

125 nM

250 nM

Probe
Concentrations

50°C for 2 min, 95°C for 10 min, then 40X:
(95°C for 15 s, 60°C for 1 min)

95°C for 10 min, then 40X:
(95°C for 15 s, 60°C for 2 min)

95°C for 10 min, then 40X:
(95°C for 15 s, 55°C for 20 s, 60°C for 1 min)

95°C for 10 min, then 40X:
(95°C for 10 s, 52°C for 20 s, 60°C for 1 min)

95°C for 10 min, then 40X:
(95°C for 10 s, 43°C for 20 s, 60°C for 1 min)

95°C for 10 min, then 40X:
(95°C for 30 s, 53°C for 1 min, 60°C for 1 min)

95°C for 10 min, then 40X:
(95°C for 10 s, 52°C for 20 s, 60°C for 1 min)

Cycling Conditions
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Bovine serum albumin (BSA) was added to the reaction mix to a final concentration of 0.2 mg mL-1 for these assays

Taqman Environmental Master Mix 2.0 (Life Technologies, Grand Island, NY) was added to each reaction at a final concentration of 1x. The total reaction
nless otherwise noted. The reaction chemistry consisted of Taqman Environmental Master Mix 2.0, primers and probe (at concentrations

500 nM each

Primer Concentrations

Equine arteritis virus
(EAV)

Assay

Table S3. RT-qPCR reaction chemistrya and cycling conditions

* Limits of quantification (LOQ)

HF183 Bacteroides 16S
rRNA genetic marker

Human adenovirus
(AdV)

Human norovirus genotype I
(NoVGI)

Human rotavirus group A
(RV)

Pepper mild mottle virus
(PMMoV)

Assay
10,000,000
1,000,000
100,000
10,000*
1,000
100
10
10,000,000
1,000,000
100,000
10,000
1,000*
100
10
10,000,000
1,000,000
100,000
10,000
1,000*
100
10
10,000,000
1,000,000
100,000
10,000*
1,000
100
1,000,000
100,000
10,000
1,000
100
10*
1

Copies

Table S4. (RT-)qPCR Standard curve summary data
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Average Cq Value
(Stand. Dev.)
16.9 (0.9)
20.1 (0.9)
23.7 (1.0)
26.8 (0.9)
30.6 (1.5)
34.0 (1.2)
38.3 (0.2)
17.0 (0.4)
20.7 (0.3)
24.2 (0.4)
27.4 (0.5)
31.6 (1.0)
35.2 (1.1)
37.7 (1.0)
14.9 (0.5)
18.0 (0.04)
22.2 (0.4)
24.9 (0.2)
29.6 (0.3)
32.8 (n/a)
undetected
22.4 (0.3)
25.9 (0.5)
30.1 (0.3)
33.7 (0.3)
36.5 (1.1)
38.4 (1.2)
17.3 (0.1)
21.6 (0.1)
24.6 (0.1)
28.1 (0.0)
29.8 (0.1)
34.1 (0.1)
38.2 (0.0)

Number of Replicates that
Exhibited Amplification
7
7
7
7
7
7
2
8
8
8
7
8
8
4
2
2
2
2
2
1
0
4
6
6
5
2
2
3
2
3
3
3
3
2

Total Number of
Replicates
7
7
7
7
7
7
3
8
8
8
7
8
8
8
2
2
2
2
2
2
2
4
6
6
5
6
6
3
2
3
3
3
3
3

S.6 Determination of Process Limit of Detection for (RT-)qPCR
The process limit of detection for a (RT-)qPCR assay is defined as the lowest concentration at
which amplification occurs before 40 cycles for 95% of the positive samples analyzed in duplicate
(i.e., the concentration for which <5% failed reactions occur). A very large number of sample
replicates would be required to determine the concentration with this probability of amplification;
therefore, an exponential survival model was applied to the standard dilution series data, to
determine a theoretical process limit of detection that corresponds with 95% probability. The
methods used for this model follow those described for QMRA dose-response models,15 as the
two situations can be viewed as analogous. The process of qPCR amplification requires that a
reaction must contain at least one copy (and not less) of the target genome sequence, and these
genome targets may undergo decay, or a number of other factors may otherwise inhibit the qPCR;
thus, only a fraction of the genome targets may successfully undergo the reaction and exhibit
amplification. The survival model was constructed based on the following three assumptions: 1)
DNA/cDNA in samples are randomly distributed in reaction wells (i.e. the Poisson distribution
can be assumed); 2) each target DNA/cDNA copy has an independent and identical probability of
“surviving” the conditions to successfully complete the qPCR (i.e. the binomial distribution can
be assumed); 3) at least one target DNA/cDNA copy has to be physically present in the qPCR in
order to cause amplification within 40 cycles. Given these three assumptions, the probability of
amplification is described by the following equation, where j represents the number of target
genome copies actually present in a qPCR well, d represents the mean number of target genome
copies added to each qPCR well (mean concentration multiplied by volume pipetted into the PCR
well), k represents the number of genome copies that successfully “survive” to complete the qPCR,
and r represents the probability of “survival”:
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( )=

( | )=

( | )=

(S1)

(| ) ( |)

(S2)

!

!
!( | )!

(1

(S3)

)

As demonstrated previously,15 assuming that kmin = 1, Equations S1, S2, and S3 simplify to give
the following exponential model, which specifies the probability of amplification, given the mean
number of target genome copies added to a reaction well and assuming a “survival” probability r
(which is assumed to be unique for each (RT-)qPCR assay):
(S4)

( )=1

The process limit of detection is the number of target genome copies (d) that correspond with a
95% probability of amplification (Pa(d)). Using categorical data for each of the standard curve
dilution series (the number of times amplification occurred (Xamp,q) in the qth standard dilution
series), and the total number of trials for the qth standard dilution (Ns)), the r value producing the
minimum deviance (Y) is found using a log-likelihood ratio,15 where fant,q is the anticipated
probability of amplification (fant,q = P1(q)), and fobs is the observed fraction of amplification (fobs,q
= Xamp,q / Ns,q) for the qth standard dilution:

=

2

,

,

,

+

,

,

,

,

(S5)

If the measured fluorescence for a sample did not pass the (RT-)qPCR threshold value before 40
cycles for any of the samples, the sample was labeled as “no amplification (NA)”, and the
concentration was considered to be below the assay limit of detection.
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S.7 Estimation of Concentration Distribution for Samples with >80% Censored Values
Log-normal distributions were assumed for all pathogen concentrations in the QMRA. With the
exception of RV and AdV, samples contained <80% censored values, and the robust regressionon-order statistics (ROS) method was used to specify the mean and standard deviations, as well as
to define the log-normal distributions.16 For RV, >80% of the samples were censored; thus, it was
assumed that the 95th percentile of the log-normal distribution was equal to the process limit of
detection, and the survival function (Equation S4) was used to determine the median value of the
log-normal distribution of the RV concentration in the RBF well (i.e., the proportion of positive
samples to total samples was substituted in place of Pa(d), and the equation was solved for d). With
those two assumptions of the median and 95th percentile, the log-normal distribution was
completely defined.
AdV was not detected in the RBF system water using qPCR, but it was detected in 2 out of 5
samples using nested PCR assay. Therefore, the most probable number method was used to
estimate the median value of the log-normal distribution for AdV in RBF system water:

(S6)

=

where Xamp is the number of samples detected positive via nested PCR, N is the total number of
samples analyzed using the nested PCR assay, and V is the effective volume of the sample
analyzed (calculated as the inverse of the nested PCR limit of detection). It was assumed that the
mean of the log-normal distribution was equal to the natural logarithm of MPN, and that the 95th
percentile of the log-normal distribution was equal to the AdV qPCR process limit of detection.
With those assumptions, the distribution was completely defined.
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NoV was detected via RT-qPCR in all five samples from the Rocha River, but at Cq values that
were below the process limit of quantification. In the absence of other information, to define a
distribution for the purpose of estimating a dose for the QMRA, the 50th percentile of the Cq values
was used to estimate a quantity by extrapolating from the standard curve data. This was assumed
to be the median value of a log-normal distribution, and the standard deviation was set such that
the 95th percentile of the distribution was equal to the process limit of detection. With those
assumptions, the distribution was completely defined.

S.8 Giardia and Cryptosporidium Analysis
Giardia cysts and Cryptosporidium oocysts were quantified in water, soil, and crop samples
using a standard method,17 with the following modifications. For water samples, 5 to 10 L were
concentrated to 10 mL by centrifugation in 50 mL centrifuge tubes at 1,100×g for 15 min. The
supernatant was discarded and the pellet was resuspended in 10 mL of sterile DI water.
Resuspended pellets, from multiple centrifuge tubes, were combined into a single centrifuge tube
and the process was repeated (centrifugation, discarding of supernatant, resuspension of pellet),
until only 10 mL remained. For soil samples, 25 g of soil were mixed with 100 mL of Tris-Tween
buffer (TTB; 50 mM Tris with 0.5% v/v Tween 80) for 15 min, then passed through Whatman
Grade 1 filter paper (Oberon SRL, La Paz, Bolivia). The filter was washed three times with 200
mL of TTB. For lettuce samples, 25 g were mixed with 200 mL of TTB in a blender (low setting)
for 2 min. This mixture was filtered over a 100-mesh sieve (149 µm pore size) and washed with
200 mL of TTB. TTB filtrate from lettuce and soil samples was centrifuged at 1,100×g for 15 min
to concentrate to 10 mL. (Oo)cysts were then further concentrated using immunomagnetic
separation, and stained with fluorescent antibodies for subsequent microscopic examination.
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S.9 Markov Chain Monte Carlo
OpenBUGS (v3.2.2, rev. 1063) was used to generate initial values and sample from the joint
posterior density function using Markov Chain Monte Carlo (MCMC) with one chain. The
OpenBUGS software conducts the Bayesian analysis using the adaptive Metropolis block updating
algorithm for estimating dose-response model parameters.18 The OpenBUGS code used for
rotavirus is provided below. The box plots of the dose-response model parameters and history plots
from MCMC simulations are shown in Figures S4 and S5.
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Sample OpenBUGS code for rotavirus QMRA model
model

{
### Calculate a and b using the dose response data
# p[i] = probability of infection due to integer dose d[i].
# Beta-binomial probability of infection
# a = alpha (shape) parameter of beta distribution describing variation in host-pathogen
# b = beta (shape) parameter of beta distribution describing variation in host-pathogen
# lambda = mean # of pathogens (mean dose) consumed by ith subject in Ward et al (1986)
# X = infection indicator (Ward et al 1986)
loga ~ dunif(-6, 6)
logb ~ dunif(-6,6)
a<-pow(10,loga)
b<-pow(10,logb)
for(i in 1 : n) {
d[i]~dpois(lambda[i])
p[i]<- 1-exp(loggam(a+b)+loggam(d[i]+b)-loggam(b)-loggam(d[i]+a+b))
X[i]~dbin(p[i],N[i])
}
### Obtain the actual dose(dt) ingested by an individual, and calculate the probability of
infection/illness
# dt[i] = dose for the ith subject consuming lettuce in Cochabamba
# W = weight of lettuce consumed per person per day (grams) (from market surveys)
# C = concentration of pathogens in irrigation water (organisms / L)
# H = harmonization factor
# V = volume of irrigated water caught by lettuce (mL / gram); 0.001 converts mL to L
# k = in-field decay rate (1/days)
# t = time between last irrigation and lettuce harvested (days)
# pinf = daily probability of infection
# Xinf = infection indicator variable for QMRA
# pill = daily probability of illness
# pillinf = conditional probability of illness given infection
for(i in 1:m){
dtw[i] <-W[i]*Cw*H*V*0.001*exp(-k*t)
pinfw[i] <- 1-exp(loggam(a+b)+loggam(dtw[i]+b)-loggam(b)-loggam(dtw[i]+a+b))
Xinfw[i] ~ dbern(pinfw[i])
pillw[i] <- pillinf*pinfw[i]

}

dtr[i] <-W[i]*Cr*H*V*0.001*exp(-k*t)
pinfr[i] <- 1-exp(loggam(a+b)+loggam(dtr[i]+b)-loggam(b)-loggam(dtr[i]+a+b))
Xinfr[i] ~ dbern(pinfr[i])
pillr[i] <- pillinf*pinfr[i]
pillinf ~ dunif(0.35,0.9)
Cw ~ dlnorm(4.484,0.63)
Cr ~ dlnorm(15.24,3.69)
H ~ dunif(0.000526, 0.001)
V1 ~ dlnorm(-4.57,2)
V <- V1 + 0.006
k ~ dnorm(1.07, 14.29)T(0, 1000)
t ~ dunif(3, 4)
mean.pinfw <- mean(pinfw[])
mean.pinfr <- mean(pinfr[])

### Obtain the annual probability of illness and estimate the annual disease burden
# annual.pill = annual probability of illness
# days = number of days per year the subjects consume lettuce
# annual.db = annual disease burden
# B = disease burden per case of illness
# Sf = susceptible fraction of the population
# pr = percentage of the population that has natural resistance (people > 5 years old)
# e = effectiveness of the vaccine
# pv = percentage of the population that have received the vaccine
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Sample OpenBUGS code for rotavirus QMRA model (continued)
for(g in 1:m){
annual.pillw[g] <- 1-pow((1-pillw[g]), days[g])
annual.dbw[g] <- annual.pillw[g]*B*Sf
annual.pillr[g] <- 1-pow((1-pillr[g]), days[g])
annual.dbr[g] <- annual.pillr[g]*B*Sf

}

cred.diff[g] <- annual.dbr[g] - annual.dbw[g]
percent.change[g] <- cred.diff[g] / annual.dbr[g]

Sf <- 1-(pr+(1-pr)*e*pv)
B ~ dunif(0.015,0.026)
pr <- 0.87
e ~ dunif(0.54,0.79)
pv <- 0.78
mean.annual.pillw<-mean(annual.pillw[])
mean.annual.dbw<-mean(annual.dbw[])
mean.annual.pillr<-mean(annual.pillr[])
mean.annual.dbr<-mean(annual.dbr[])
### Obtain the annual probability of illness and estimate the annual disease burden using WHO
assumptions and Bolivia data
dtwho <- 100*Cw*H*V*0.001*exp(-k*t)
pinfw.who <- 1-exp(loggam(a+b)+loggam(dtwho+b)-loggam(b)-loggam(dtwho+a+b))
Xinfwho ~ dbern(pinfw.who)
pillw.who <- pillinf*pinfw.who
annual.pillw.who <- 1-pow((1-pillw.who), 150)
annual.dbw.who <- annual.pillw.who*B*Sf
dtbol <- 34*Cw*H*V*0.001*exp(-k*t)
pinfw.bol <- 1-exp(loggam(a+b)+loggam(dtbol+b)-loggam(b)-loggam(dtbol+a+b))
Xinfbol ~ dbern(pinfw.bol)
pillw.bol <- pillinf*pinfw.bol
annual.pillw.bol <- 1-pow((1-pillw.bol), 32)
annual.dbw.bol <- annual.pillw.bol*B*Sf
dtwhor <- 100*Cr*H*V*0.001*exp(-k*t)
pinfr.who <- 1-exp(loggam(a+b)+loggam(dtwhor+b)-loggam(b)-loggam(dtwhor+a+b))
Xinfwhor ~ dbern(pinfr.who)
pillr.who <- pillinf*pinfr.who
annual.pillr.who <- 1-pow((1-pillr.who), 150)
annual.dbr.who <- annual.pillr.who*B*Sf

}

dtbolr <- 34*Cr*H*V*0.001*exp(-k*t)
pinfr.bol <- 1-exp(loggam(a+b)+loggam(dtbolr+b)-loggam(b)-loggam(dtbolr+a+b))
Xinfbolr ~ dbern(pinfr.bol)
pillr.bol <- pillinf*pinfr.bol
annual.pillr.bol <- 1-pow((1-pillr.bol), 32)
annual.dbr.bol <- annual.pillr.bol*B*Sf

Data
list(n=8, m=33)
#Dose response
lambda[ ]
0.009 7
0.09
7
0.9
7
9
11
90
7
900
8
9000
7
90000 3
END;

data
N[ ]
0
0
1
8
6
7
5
3

X[ ]
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Sample OpenBUGS code for rotavirus QMRA model (continued)
#Lettuce consumption data
W[ ]
days[ ]
5.1
78
7.7
78
13.3
78
19.0
78
124.4 12
9.5
182
22.1
78
11.4
182
26.5
78
5.7
365
11.4
182
14.2
182
9.0
286
14.2
182
37.9
78
19.0
182
19.0
182
44.2
78
44.2
78
22.7
182
11.3
365
14.2
365
14.2
365
28.4
182
28.4
182
66.3
78
66.3
78
79.6
78
18.9
365
28.4
365
132.7 78
133.0 182
349.2 78
END;

Figure S2. Credible intervals from MCMC for QMRA dose-response parameter estimates.
(RV = rotavirus; AdV = adenovirus; NoV = norovirus; Crypto = Cryptosporidium). The boxes
represent the interquartile intervals.
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a)

b)

c)

d)

Figure S3. History for MCMC estimates of dose-response parameters for a) rotavirus, b)
adenovirus, c) Cryptosporidium, and d) Giardia (a = alpha, b = beta)
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S.10 Dose-Response Data
The dose-response data from clinical studies using human volunteers are presented in Table S5.
A mixed set of dose-response data were used for AdV and Cryptosporidium. Currently, the only
dose-response data available for AdV19,20 are for respiratory infections caused by serotype 4, not
for gastrointestinal illness caused by other serotypes of AdV transmitted via ingestion.
Nevertheless, these data have been used by others to model the risk of gastrointestinal illness
resulting from the accidental ingestion of adenoviruses in water or food.21–24 However, AdV 4 may
only represent fraction of the adenoviruses in water samples, and using dose-response data from
AdV to model the probability of gastrointestinal infection via the oral route may overestimate the
actual risks.25 Previous QMRA studies with AdV21–24,26–28 and Cryptosporidium29–31 have used the
exponential dose-response model, with simple point estimates of ~0.4172 and ~0.004,
respectively, for the parameter r. These are the best-fit values for only one set of dose-response
data for each pathogen: AdV 4 (aerosolized)20 and an Iowa strain of Cryptosporidium parvum.32
In the present study, dose-response data from several different studies were used. There are
advantages to using data from a combination of dose-response studies,25 especially since doseresponse relationships may be different for different isolates of the same pathogen.33
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Table S5. Dose-response data used in QMRA model
Pathogen
Rotavirus
Adenovirus
Norovirus
Giardia

Cryptosporidium

Assumptions
N = c(7,7,7,11,7,8,7,3); X = c(0,0,1,8,6,7,5,3)
lambda = c(3,10,14,79,400,1,5,11,1000)
N = c(6,2,2,3,3,3,3,3,6); X = c(0,0,1,2,3,1,3,3,6)
32.4,324,3240,32400,324000,3240000,32400000,
324000000,692000,6920000,69200000)
N = c(8,9,9,3,8,7,3,6,8,18,1); X = c(0,0,3,2,7,3,2,5,3,14,1)
lambda = c(1,10,25,100,10000,100000,300000,1000000)
N = c(5,2,20,2,3,3,3,2); X = c(0,2,6,2,3,3,3,2)
1000000,100,300,1000,3000,500,1000,5000,10000)
N = c(3,3,3,5,5,8,3,6,2,3,1,1,4,5,3,4,5,3,5,4);
X = c(2,2,3,5,2,4,2,5,2,3,1,1,2,2,1,3,3,2,2,4)

References
34
19,20
35
36

32,37,38

S.11 Convenience-Sample Market Surveys
Convenience-sample surveys were administered to 42 market-goers in August 2013. The
following information was collected: gender, age, language(s) spoken at home, number of people
living in the household, quantity of lettuce purchased, and frequency with which lettuce is
consumed at home. Of the 42 market-goers surveyed, nine were omitted from further analysis due
to lack of survey completion or because they reported commercial use of the lettuce purchased.
Data from the remaining 33 surveys were used to estimate the average lettuce mass consumed in
the household per person per year. Again, as the sample was not random, the estimates are not
assumed to be representative of the wider population, but rather a sample of people purchasing
lettuce at the market. Of the 33 survey respondents, 82% identified as women and 18% as men,
which is significantly different (

, p-value = 0.0006) from the breakdown reported in the

Bolivian census, which is 52% women and 48% men.39 Slightly more than half of the 33 survey
respondents (58%) reported speaking Spanish exclusively; 39% reported speaking a mixture of
Spanish and indigenous languages; one respondent reported speaking a foreign language as their
primary language in addition to Spanish. This breakdown was not significantly different from the
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breakdown from the Bolivian census (

, p-value = 0.698), which reports 52% speaking

exclusively Spanish, 40% speaking Spanish and an indigenous language, 2% speaking only an
indigenous language, and 6% speaking primarily a foreign language (in addition to Spanish).39

S.12 Mass of Lettuce Consumed in Bolivia
Since lettuce is often sold by the head, five heads of lettuce were weighed and the average value
was used in calculations to estimate lettuce consumption rates by market-goers. These lettuce
heads were chosen at random from several different market stalls and purchased during the market
surveys. In the QMRA, lettuce consumption estimated for surveyed market-goers (Figure S4) was
compared with average lettuce production rates per capital in Bolivia (Table S6). It can also be
compared with lettuce consumption reported for other regions in the world (Table S7).
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a)

Mass of Lettuce per Capita (kg person-1 year-1)

b)

c)

Days per Year

Serving Size of Lettuce (g)

Figure S4. Histograms of a) the estimated amount of lettuce consumed per person per year
in Cochabamba, b) the estimated serving size of lettuce at home based on survey responses,
and c) the mean annual frequency with which lettuce is served at home, based on
bootstrapping survey response data (1,000 times).
Table S6. Lettuce production and use in Bolivia 1
Annual Lettuce Production
Total
(metric tons)

Per Capita
(kg)

Percent sold in the
domestic market or
consumed by farmers

576

294

0.5

100%

La Paz

2,706

1,506

0.6

91%

Cochabamba

1,758

4,505

2.6

100%

Oruro

494

113

0.2

100%

Potosí

824

359

0.4

100%

Tarija

482

654

1.4

99%

Santa Cruz

2,655

3,368

1.3

92%

TOTAL

9,495

10,799

1.1

96%

Department

Population
(thousands)

Chuquisaca
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b

a

150
251
214
169
(sd = 110)
52

100
Mixture
(mean = 23.8)
Average = 20.7 ±26.4
(95% UCL = 74.2)
19a
(sd = 65)
65
(overall)
6.8
Uniform(10, 12)
30 – 54
-

6.0

4.4

3.4a

3.4

2.5

2.3

2.2

1.1b
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median value; distribution appeared to be non-normal
represents the mass of lettuce produced annually per capita in Bolivia for domestic consumption

-

52

208

365

365

15.0

28.0

Frequency
(days year-1)

Lettuce consumed
(g person-1 day-1)
Lognormal(4.35,1.27) (median =
76.6)

Average mass per
person per year (kg)

Bolivia (overall)

Children in the Mezquital Valley
of Mexico

Accra, Ghana

Brazil

People in the Mezquital Valley of
Mexico

Market-goers in Cochabamba,
Bolivia

Representative sample of 3000
people in Spain

Melbourne, Australia

n/a
(example from 2006
WHO Guidelines)

China

Population

1

45,46

48

47

45,46

data from this study

44

43

41,42

40

References

Table S7. Assumptions about the mass of lettuce consumed and frequency of consumption from different geographic regions.

Table S8. Per capita daily lettuce consumption and lettuce consumption frequency
estimated from the data collected in the survey of Cochabamba market-goers
Survey
Respondent
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Per Capita Daily Lettuce Consumption
(g person-1 day-1)
5.1
7.7
13.3
19
124.4
9.5
22.1
11.4
26.5
5.7
11.4
14.2
9
14.2
37.9
19
19
44.2
44.2
22.7
11.3
14.2
14.2
28.4
28.4
66.3
66.3
79.6
18.9
28.4
132.7
133
349.2
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Lettuce Consumption Frequency
(days year-1)
78
78
78
78
12
182
78
182
78
365
182
182
286
182
78
182
182
78
78
182
365
365
365
182
182
78
78
78
365
365
78
182
78

S.13 Quantitative Microbial Risk Assessment Sensitivity Analysis
To assess model sensitivity to input parameters, Spearman rank order correlation coefficients
were calculated between model inputs and the model output (estimated disease burden in DALYs
per person per year), using the 40,000 values simulated by MCMC. To evaluate the sensitivity of
lettuce serving size, lettuce consumption frequency, and vaccine coverage rate, the former two
parameters were input as uniform distributions using the minimum and maximum values estimated
from the market survey data; and the vaccine coverage rate (fv) was input as a uniform distribution
between 0 and 1 (solely for the purposes of the sensitivity analysis).
S.14 Comparison with Previously-Published Dose-Response Models
For comparison purposes, a common approach to QMRA was implemented, using previouslypublished point estimates of dose-response model parameters, summarized in Table S9. The Monte
Carlo method was used with 40,000 iterations to sample from the probability distributions of each
variable in the model. The same assumptions described in the main manuscript (Table 1) were
used to estimate the dose (d) and to characterize the risk as an annual disease burden.
Table S9. Previously-published dose-response models and parameters
Pathogen
Rotavirus

Dose-Response Model
Exact Beta-Poisson Model:

Point Estimates of
Model Parameters
= 0.191

References
34,49

Adenovirus

Exponential Model:

r = 0.4172

50

Cryptosporidium

Exponential Model:

r = 0.05

50

Giardia

Exponential Model:

r = 0.02

50

Variant of Single Hit Model (Pfaff Transformation):
0.04
= 0.055

Norovirus

124

35,51

125

Figure S5. Estimated disease burdens using the Bayesian approach with QMRA (unshaded) and using the common approach
for QMRA with previously-published point estimates of dose-response model parameters (shaded).

Disease Burden (DALYs pppy)
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Appendix D: A Case Study of Enteric Virus Removal and Insights into the Associated
Risk of Water Reuse for Two Wastewater Treatment Pond Systems in Bolivia
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Figure 1a. Virus removal in three-pond system
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Figure 1b. Virus removal in UASB-pond system
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24

Synthesis of RNA oligonucleotide for RNA purification and reverse transcription control

25

A 127 bp RNA oligonucleotide containing the amplicon of an existing Taqman qPCR

26

assay for EAV (Svraka et al. 2009) was produced using previously described methods (Ulrich et

27

al. 2010) with the following primers targeting the T7 promoter and a portion of the EAV

28

AAT TCT AAT ACG ACT CAC TAT AGG GTG TCG CTT GTG

29

CTC AAT TTA CTG GGG CAG GTA GGC TAT GTA GCT CTG CAA AGA TCG AAC ACA

30

GTG CAA GGA ACA TAA GCT GCA TCA AAG GTG GAA CGA GCT ACA TAG CC

31

CGA TTG CGG CAG AGG TAC AGA ATA GCA AAG CTG CAA AGA TCG

32

AAC ACA GTG CAA GGA ACA TAA GCT GCA TCA AAG GTG GAA CGA GCT ACA

33

TAG CC

34

Spectrophotometer ND-100 (Wilmington, DE), preserved with (1:1) RNA storage buffer (8 M

35

guanidinium isothiocyanate, 80 mM Tris-HCl [pH 8.5], 24 mM MgCl2, and 140 mM KCl), and

36

stored at -80°C in single use volumes to prevent freezing and thawing.

37

Quantitative PCR standard curves

38

The standard curves for each of these assays were generated from purified plasmids

39

manufactured by Integrated DNA Technologies (pIDTSMART with ampicillin resistance;

40

Coralville, IA) containing the corresponding target sequence derived from GenBank sequences:

41

NC_002532.2 (EAV), NC_001959.2 (NoVGI), AB550911.1 (PMMoV), and HM627561.1 (RV).

42

The EAV, NoVG1, and RV standard curves were composed of a seven-point, 1:10 dilutions

43

series ranging from 10 to 1×107 plasmids/reaction. The PMMoV standard curve was composed

44

of a six-point, 1:10 dilution series ranging from 100 to 1×107 plasmids/reaction.

45

Molecular quantification of EAV, NoVGI, RV, and PMMoV
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46
47

Five 96-well plates were analyzed, each containing the standard dilution series in
duplicate as well as no-

48

ions: 1x TaqMan

49

Environmental Mastermix 2.0 without Uracil N-Glycosylase (UNG) (Life Technologies, Grand

50

Island, NY), 500 nM of each primer, and 250 nM of probe (Table S1). For PMMoV, the qPCR

51

reaction was slightly modified from Rosario et al. (2009) so each primer and probe had a final

52

concentration of 400 nM and 125 nM, respectively (Table S1). Each sample was analyzed in

53

duplicate and with an additional 1:10 dilution (to identify PCR inhibition), using an ABI7500

54

Real Time PCR system (Life Technologies). The following qPCR conditions, with data

55

collection occurring at the elongation step, apply to the EAV and NoVGI analyses: denaturation

56

step at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 52°C for 20 s, and 60°C for 60

57

s. For the RV and PMMoV assays, the same conditions were used, except the annealing step was

58

executed at 43°C for 20 s and 53°C for 60 s, respectively.

59

Statistical analyses of RNA purification and reverse transcription efficiency

60

As a means to identify possible biases related to differing RNA purification and reverse

61

transcription efficiencies associated with different sampling sites or filter types, statistical

62

analyses were executed using MATLAB 8.0 (version R2012b; The MathWorks Inc., Natick,

63

MA, USA) to separately test the following null hypotheses (Ho): (Ho1) There was no significant

64

difference in the percent EAV (%EAV) recovered in samples collected from different WTP sites

65

for the analysis of virus removal; (Ho2) There was no significant difference in the %EAV

66

recovered in samples collected for virus-particle analysis with respect to site, filter type, or the

67

interaction between them. For all statistical analyses, the statistical significance criterion level

68

149

69

Since the %EAV data from the samples collected for the removal of viruses were

70

normally distributed and homoscedastic, Ho1 was tested with a one-way analysis of variance

71

o

1

was rejected

72

with 95% confidence: A significant difference in %EAV recovered in samples collected from

73

different sites for WTP virus removal was observed [F(7,16) = 6.28, p = 0.0012]. The Tukey

74
75

the same Tukey grouping were not significantly different with 95% confidence. The three Tukey

76

groups were as follows: (group 1) sites A, B, C, D, G; (group 2) sites A, C, D, G, I; and (group 3)

77

sites A, D, F, G, H, I. Taken together, two conclusions can be made: (1) sample %EAV recovery

78

did not significantly differ among sites from the same WTP system and (2) sample %EAV

79

recovery did significantly differ between WTP systems. Thus, care should be taken when

80

comparing virus concentrations between the two WTP systems but it is valid to compare sites

81

within the same WTP system.

82

The %EAV data from the samples collected for virus-particle analysis did not meet the

83

assumptions of multivariate analysis of variance (MANOVA); thus, the non-parametric

84

MANOVA (NP-MANOVA; with a Euclidean distance matrix) followed by pair-wise

85

comparisons was used to test Ho2. In order to meet the assumption of homogeneous within-

86

group variances, a square root data transformation was executed prior to NP-MANOVA and

87

pair-wise comparisons. Significant dif

88

found among different sites [F(5,48) = 2.6613, p = 0.025] and different filter types [F(4,48) =

89

14.987, p = 0.001]; however, there was no significant difference in sample % EAV recovered for

90

the interaction between site and filter type [F(15,48) = 1.2188, p = 0.267]. According to all post

91

hoc pair-

150

92

recovered were observed between site B and sites G [t = 2.2618, p = 0.0390] and H [t = 2.5607, p

93

= 0.0190]. For all post hoc pair-

94

0.05) in %EAV recovery were only observed between the (+) 0.45-

95

types (180-

96

= 4.3391, p = 0.0020]).Given the aforementioned significant pair-wise comparisons combined

97

with the fact that the lowest %EAV recoveries were observed for samples from the UASB-pond

98

system and collected on (+) 0.45-

99

for sites in the UASB-pond and on (+) 0.45-

100

5-

-

rs, it is likely that the virus concentrations determined

Molecular quantification of EAV, NoVGI, RV, and PMMoV

101

Quantitative PCR (qPCR), using published primers and probes, was used to determine the

102

concentrations of RV, NoVGI, and PMMoV as well as the EAV purification control in each

103

sample (Table S1) (Svraka et al. 2009, Rosario et al. 2009). In order to account for the stochastic
pooled approach

104
105

number of copies in each unknown sample from the corresponding mean Cq value for plasmid

106

standards and unknown samples for each assay (Sivaganesan et al. 2010). Markov chain Monte

107

Carlo simulations, using WinBUGS software V1.4.3 (Imperial College and Medical Research

108

Council, UK) were carried out with 50,000 iterations and a burn-in period of 10,000. A modified

109

version of the code provided by Mano Sivaganesan was used and is provided below. Slope and

110

y-intercept parameters were assumed to be normally distributed for each run, and the gamma

111

distribution (with shape and scale parameters equal to 0.01) was used as a prior distribution for

112

the precision of the slope and y-intercept distributions, instead of the DuMouchel priors

113

(Sivaganesan et al. 2010). The use of either of these two prior distributions tends to yield similar

114

results (Sivaganesan et al. 2008).
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115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

WinBUGS code (modified from Sivaganesan et al. 2010)
model
{
# DEFINE VARIABLES:
# Y = Ct measurement of standards (plasmids)
# x = copy numbers of standards (plasmids)
# run = plate number
# alpha = y intercept of the standard curve
# beta = slope of standard curve
# n = total number of data points in the standard curve
# p = number of plates (aka number of runs)
# s = number of different sample points (non-replicate unknowns)
# r = number of replicates per (unknown) sample point
for (i in 1 : n){
Y[i] ~ dnorm(mu[i], tau[run[i]])
mu[i] <- alpha[run[i]] + beta[run[i]] *(log(x[i]))/log(10)
}
for (i in 1 : p){
alpha[i] ~ dnorm(alphab, tau.a)
beta[i] ~ dnorm(betab, tau.b)
}
for (i in 1 : p){
tau[i] ~ dgamma(0.001, 0.001)
}
alphab ~ dnorm(0.0,1000000)
betab ~ dnorm(0.0,1000000)
tau.a~ dgamma(0.01,0.01)
tau.b~ dgamma(0.01,0.01)
# This part of the code predicts the concentration (copy numbers) in unknown samples
# It also takes the mean of any replicates
for (i in 1 : s){
for (j in 1 : r){
copy[i,j]<-(ct[i,j]-alpha[1])/beta[1]
}
copymean[i]<-mean(copy[i,])
}
}
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161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

# Here, list the data for the following variables:
# n, the number of data points from the standard curves
# e.g. if you run 5 plates, with 7-point standard curves in duplicate, n = 5 * 7 * 2 = 70
# p, the number of plates that you ran
# s, the number of non-replicate unknown sample points
# r, the number of replicates per unknown sample point
list(n=70, p=5, s=32, r=3)
# Here, add the data from the standard curves from all runs (can copy & paste from Excel)
# If some of the standard curve points are not used or unknown, write NA for the Y[] value
run[] x[]
Y[]
1
10000000
14.83086777
1
1000000
17.82779503
1
100000
21.80016327
1
10000 25.55435562
1
1000 28.44073677
1
100 31.74236107
1
10
35.72465515
1
10000000
14.91196918
1
1000000
17.11416817
1
100000
21.56788445
1
10000 24.45992279
1
1000 27.21128464
1
100 31.74817085
1
10
37.29232788
2
10000000
16.56287956
2
1000000
20.03527069
2
100000
22.42720604
2
10000 26.68701172
2
1000 30.17602921
2
100 33.48706818
2
10
38.01969528
2
10000000
15.01192474
2
1000000
19.6750927
2
100000
23.39949226
2
10000 27.08206177
2
1000 28.98237991
2
100 33.38588333
2
10
NA
3
10000000
15.28802204
3
1000000
20.29097366
3
100000
23.32222176
3
10000 26.97269249
3
1000 31.19098663
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207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5
5
5
END;

100 33.51592636
10
NA
10000000
15.20750141
1000000
20.05568886
100000
23.38633537
10000 23.36335182
1000 30.89651108
100 33.61697388
10
36.5364151
10000000
17.95369339
1000000
20.91512299
100000
24.97530174
10000 26.61340714
1000 32.10835648
100 35.57624054
10
40.97258377
10000000
17.97052383
1000000
20.90886307
100000
24.94770241
10000 28.26919174
1000 31.81770325
100 31.98748589
10
39.20402145
10000000
NA
1000000
19.62317467
100000
22.38277245
10000 25.89981651
1000 30.07412529
100 33.0720253
10
NA
10000000
16.38263321
1000000
19.39556313
100000
23.35000038
10000 26.49247742
1000 29.05232811
100 33.49391174
10
38.0681839

# Here, list the data for the unknown samples, in the following order:
# 1st sample - replicate 1, replicate 2, replicate 3, etc. then 2nd sample - replicate 1, 2, 3, etc.
list(ct = structure(.Data = c(27.72813797, 27.42074203, 27.68983841, 27.49964523,
27.48989868, 27.78788757, 30.5907135, 27.84589005, 27.85700989, 29.96239471,
28.98430252, 29.90208244, 36.87768555, 38.62608337, 36.61364746, 32.28911591,
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253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

33.10028076, 32.98776245, 30.69845581, 30.86000824, 31.17842484, 29.79073334,
30.05471039, 30.50596237, 32.21622467, 33.21928406, 31.26853561, 32.55735779,
33.80277252, 32.56066513, 33.81419754, 35.71244812, 34.47873306, 35.50968552,
36.70432663, 35.96899414, 35.23744202, 36.91765594, 34.75976944, 37.86174011,
36.44485474, 37.3629837, 37.20646286, 37.44822311, 36.30540466, 39.00939178, 38.7159729,
31.99326706, 39.37914658, 40.21757889, 37.76005936, 36.64976501, 39.22754669,
37.42768097, 38.54289246, 50, 38.98463058, 39.58310318, 37.52623367, 33.18672943,
31.402565, 33.59807587, 37.26535416, 33.87909698, 35.83087158, 38.61930847, 50,
39.93122101, 50, 38.06398773, 38.32701874, 50, 50, 39.03576279, 38.91719437, 50, 50,
39.22404099, 29.45872879, 31.00250626, 29.89751053, 30.20918465, 31.61616516,
30.94333267, 30.95830536, 32.55595016, 31.27261162, 41.92402267, 35.60179138,
34.66479492, 34.39841461, 33.24088287, 32.35334778, 33.12833405, 31.98050308,
32.73188019), .Dim = c(32, 3)))

273

In addition to calculating the copy number measured from a Cq value, the

# Note, for Dim above, enter total # of samples followed by # of replicates per sample
# These are initials for the parameters that define the standard curve slope and y-intercept
list(alpha=c(20, 31, 25 , 18, 19), beta= c(-3, -2, -2.5, -1, -0.7), tau =c(1, 1, 1, 1, 1), alphab = 0.01,
betab=0.05)

274

also produces credible intervals associated with each calculation and these values are

275

presented for both the analyses of virus concentration and virus-particle associations in the WTP

276

systems (Tables S2 and S3, respectively).

277

Exposure via the ingestion of water vs. soil

278

It has been commonly assumed that farmers irrigating with wastewater and children

279

playing in fields accidentally ingest either a small volume of water (typically 1 ml) or a small

280

volume of soil (typically 10

100 mg) per day of exposure. Agricultural soils in Bolivia have

281
282

2012) and most agricultural soils have a moisture saturation point of ~15% (Rzezutka and Cook

283

2004). Assuming that up to 90% of viruses in irrigation water may adsorb to surface sites on the

284

soils (Kimura et al. 2008), the dose of viruses that would correspond with the accidental

285

ingestion of 100 mg of soil that has been irrigated once would be equal to the amount of viruses
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286

in 0.008 to 0.01 ml of irrigation water (VL = 0.90 * 0.15 * (100 g) / (1.6 g/ml) = 0.008; V U =

287

0.90 * 0.15 * (100 g) / (1.3 g/ml) = 0.01). If the same ground gets irrigated 75 times in an

288

irrigation season and new viruses are adsorbed every time, then the ingestion of 100 mg of soil

289

would be nearly equivalent (slightly less than) to the ingestion of 1 ml of water.

290

Quantitative microbial risk assessment (QMRA) model

291

NoV has been recently recommended by the WHO as a suitable reference viral pathogen

292

for QMRA models of wastewater irrigation (Mara et al. 2010). Given its high infectivity (Le

293

Pendu et al. 2006) and its role in water- and food-related outbreaks (Goodgame 2007), it was

294

used as a reference viral pathogen for adult farmers and children. While there is no available data

295

for the prevalence of NoV in Bolivia, in Chile, NoV is almost as common as rotavirus and is a

296

significant cause of moderate to severe and endemic

297

et al. 2010). NoV causes a disease burden that may range from 0.000371 to 0.00623 DALYs per

298

case of illness (Mok et al. 2014). There is also currently no vaccine or evidence of acquired

299

resistance to NoV in Bolivia. While a small percentage of people may have natural genetic

300

resistance (Le Pendu et al. 2006), there are no available data for Bolivia. Therefore, it was

301

assumed that the fraction of the population with genetic resistance to NoV infection (pr) is

302

uniformly distributed from 0 to 0.2 (Mok et al. 2014).

303

RV was only considered to be a hazard for children at play because adults typically

304

acquire resistance (Chiba et al. 1986). Bolivia has historically experienced the highest annual

305

rotavirus-related child mortality rate (2.95 × 10-3) out of all Caribbean and Latin American

306

countries (Linhares et al. 2011), which prompted the introduction of a RV vaccine in in Bolivia

307

in 2008. However, 22% of children in Bolivia are unvaccinated (WHO 2014). Furthermore, the

308

efficacy of the RV vaccine in Bolivia has been predicted to be only 69% (95% confidence
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309

interval of 54% to 79%) (Patel et al. 2013). It was assumed that the disease burden per case of

310

RV is between 0.015 and 0.026 DALYs per case (Havelaar and Melse 2003, Prüss-Üstün et al.

311

2008)

312

EV comprise a diverse group of enteric viruses that are capable of causing a wide range

313

of diseases, including meningitis, hepatitis, myocarditis, pneumonia, and the common cold

314

(Melnick 1989). EV was also considered in the QMRA model for adults and children. Given the

315

vast diversity of EV, it was assumed that every person may have susceptibility to infection from

316

at least one of the types of viruses in this group (i.e. Sf = 1) and the disease burden per case of

317

illness was between 0.0024 and 0.015 DALYs per case (Howard et al. 2007, Prüss-Üstün et al.

318

2008).

319

Dose-Response Models

320

The QMRA model was designed to predict a log reduction value, given a health target of

321

<10-4 disability-adjusted life years (DALYs) per person per year. Equation S1, which is the dose-

322

response model for NoV, is the Pfaff transformation of a model from Teunis et al. (2008). This

323

model was used with fit parameters from the combined inocula dataset (8fIIa + 8fIIb) reported

324

by Teunis et al. (2008), because it makes no assumptions about the aggregation state of the

325

viruses. The Pfaff transformation of the model was used as a close approximation here, assuming

326

aNV provided by Teunis et al. (2008)

327

exceeds a constraint of the Gauss hypergeometric function used in Equation S1 (Barker et al.

328

2013, Mok et al. 2014). The dose-response model for RV (Equation S2), is the exact Beta-

329

Poisson model (Teunis and Havelaar 2000). It is used her

330

Poisson model, which has been widely used in the past with RV for QMRA studies (van

331

Ginneken and Oron 2000, Mara et al. 2007, Seidu et al. 2008, Soller et al. 2010). This
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Beta-

332

approximate model is only valid when

» 1 and

«

(Teunis and Havelaar 2000), conditions

333

which are not satisfied for RV. The RV dose-response model was also used as a surrogate dose-

334

response model for EV, as has been done by others (e.g. Schijven and de Roda Husman 2006), to

335

provide a conservative estimate of infection probability for the wide range of viruses that

336

comprise the EV group. For comparison, an exponential dose-response model (Equation S3) was

337

also used for EV, with fit parameter k determined using data from a study where pigs were

338

challenged with porcine enterovirus type 7 (Cliver 1981, Huang 2013).

339

(S1)

340

(S2)

341

(S3)

342

The dose-dependent conditional probability of illness for those developing a NoV

343

infection (pill|inf NV) was modeled using Equation S4 (Teunis et al. 2008), where

344

model parameters with best fit values reported by Teunis et al. (2008). For RV and EV, this

345

probability was modeled using Equation S5 (Mok et al. 2014), where I is a parameter describing

346

the proportion of infected people who develop an illness.

NV

and rNV are

347

(S4)

348

(S5)

349

Given the convoluted nature of the system of equations described in Section 2.8 of the

350

manuscript, the concentration (c) cannot be solved for

351

(The R Foundation for Statistical Computing 2014) was used to solve for c using an iterative

352

approach. The maximum tolerable concentration was first set to a value of zero, then

353

up in increments of 0.1 (for NoV) or 0.00001 (for RV and EV), for a total of 10,000 iterations.
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354

Once the value of c produced an estimate of disease burden (DB) that exceeded a defined

355

percentile of the maximum tolerable estimate of DB, the loop specifies that c stay at the same

356

value (instead of continuing to be

357

printed. A dummy variab

358

run through all of the iterations without finding an appropriate solution for c.

nd of the loop, the value of c was

was also computed and printed to ensure that the loop did not

359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

library(hypergeo)
DB_limit <- 0.0001 #Regulatory limits specified by WHO (2006)
iter <- 10000
step <- 0.1
#Point estimates for the dose-response model parameters (Teunis et al. 2008)
a <- 0.9997
alpha <- 0.04
beta <- 0.055
eta <- 0.00255
r <- 0.086
#Assumptions about exposure, susceptible fraction of population, disease burden
Sf <- runif(iter,0.8,1)
B <- runif(iter,0.000371,0.00623)
n <- 75
V <- 1
#Pfaff Transformation of Eq 4 and Eq 5 (Teunis et al. 2008)
a1 <- (1-a)/a
pinf <- function(c){Re(1-(hypergeo(beta,c*V*a1,alpha+beta,a)*((1/a1)^(-c*V*a1))))}
pillinf <- function(c){(1-(1+eta*c*V)^(-r))}
#Measured effluent concentrations
logconc3P <- rnorm(iter,2.56,0.27)
conc_2_3P <- quantile(10^logconc3P, c(0.025))
conc_10_3P <- quantile(10^logconc3P, c(0.10))
conc_25_3P <- quantile(10^logconc3P, c(0.25))
conc_med_3P <- quantile(10^logconc3P, c(0.50))
conc_75_3P <- quantile(10^logconc3P, c(0.75))
conc_90_3P <- quantile(10^logconc3P, c(0.90))
conc_98_3P <- quantile(10^logconc3P, c(0.975))
logconcUB <- rnorm(iter,2.34,0.31)
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394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

conc_2_UB <- quantile(10^logconcUB, c(0.025))
conc_10_UB <- quantile(10^logconcUB, c(0.10))
conc_25_UB <- quantile(10^logconcUB, c(0.25))
conc_med_UB <- quantile(10^logconcUB, c(0.50))
conc_75_UB <- quantile(10^logconcUB, c(0.75))
conc_90_UB <- quantile(10^logconcUB, c(0.90))
conc_98_UB <- quantile(10^logconcUB, c(0.975))
#Estimate required log reduction to meet WHO recommendations
#2.5th percentile
c <- 0
for(i in 1:iter){
pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.025)) < DB_limit, c <- c + step, c <- c)
}
LRV_2_3P <- log10(conc_2_3P) - log10(c-step)
LRV_2_UB <- log10(conc_2_UB) - log10(c-step)
print(LRV_2_3P)
print(LRV_2_UB)
print(c-step)
test <- ((iter * step) - c)/step
print(test)
#10th percentile
c <- 0
for(i in 1:iter){
pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.1)) < DB_limit, c <- c + step, c <- c)
}
LRV_10_3P <- log10(conc_10_3P) - log10(c-step)
LRV_10_UB <- log10(conc_10_UB) - log10(c-step)
print(LRV_10_3P)
print(LRV_10_UB)
print(c-step)
test <- ((iter * step) - c)/step
print(test)
#25th percentile
c <- 0
for(i in 1:iter){
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440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485

pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.25)) < DB_limit, c <- c + step, c <- c)
}
LRV_25_3P <- log10(conc_25_3P) - log10(c-step)
LRV_25_UB <- log10(conc_25_UB) - log10(c-step)
print(LRV_25_3P)
print(LRV_25_UB)
print(c-step)
test <- ((iter * step) - c)/step
print(test)
#Median
c <- 0
for(i in 1:iter){
pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.5)) < DB_limit, c <- c + step, c <- c)
}
LRV_med_3P <- log10(conc_med_3P) - log10(c-step)
LRV_med_UB <- log10(conc_med_UB) - log10(c-step)
print(LRV_med_3P)
print(LRV_med_UB)
print(c-step)
test <- ((iter * step) - c)/step
print(test)
#75th percentile
c <- 0
for(i in 1:iter){
pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.75)) < DB_limit, c <- c + step, c <- c)
}
LRV_75_3P <- log10(conc_75_3P) - log10(c-step)
LRV_75_UB <- log10(conc_75_UB) - log10(c-step)
print(LRV_75_3P)
print(LRV_75_UB)
print(c-step)
test <- ((iter * step) - c)/step
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486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521

print(test)
#90th percentile
c <- 0
for(i in 1:iter){
pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.9)) < DB_limit, c <- c + step, c <- c)
}
LRV_90_3P <- log10(conc_90_3P) - log10(c-step)
LRV_90_UB <- log10(conc_90_UB) - log10(c-step)
print(LRV_90_3P)
print(LRV_90_UB)
print(c-step)
test <- ((iter * step) - c)/step
print(test)
#97.5th percentile
c <- 0
for(i in 1:iter){
pill <- pinf(c) * pillinf(c)
Pill_a <- 1 - (1 - pill)^n
DB <- Pill_a * B * Sf
ifelse(quantile(DB, c(0.975)) < DB_limit, c <- c + step, c <- c)
}
LRV_98_3P <- log10(conc_98_3P) - log10(c-step)
LRV_98_UB <- log10(conc_98_UB) - log10(c-step)
print(LRV_98_3P)
print(LRV_98_UB)
print(c-step)
test <- ((iter * step) - c)/step
print(test)
particles in the WTP systems

522
523

The terminal velocity of a spherical particle in a laminar fluid dynamics regime is

524

described

), where

525

particle and the liquid (assumed to be 1,038 kg/m3 and 1,000 kg/m3, respectively),

526

gravitational acceleration constant (9.81 m/s2),
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and

are the respective densities of the
is the

is the cross-sectional diameter of the particle

527

is the liquid viscosity (assumed to be 0.001 kg/m·s). Making some assumptions

528

about the viscosity and density of the wastewater treatment pond water and the density of

529

wastewater flocs (Sears et al. 2006), the terminal settling velocity of a 180-

530

would be approximately 2.4 m/hr. While flow conditions within a WTP may not be laminar, the

531
532

of settling in a pond with a depth of 1.5 m. This assumption is also supported by previous

533

findings that report that wastewater flocs with cross-

534

generally settle in a clarifier at a velocity of 0.5 mm/s or higher (Li and Ganczarczyk 1987).

(Equation S6)

535
536

Measurement of total solids, volatile solids, and fixed solids

537

Sludge core samples were collected in 2012, with a ½-inch PVC pipe, from the UASB

538

reactor and from the facultative pond (near the influent pipe) after the second sampling event

539

(same day as sludge samples that were analyzed for culturable enteroviruses). Sludge samples

540

were sent in duplicate to the laboratory at the Centro de Aguas y Saneamiento Ambiental

541

(CASA), at the Universidad Mayor de San Simón in Cochabamba, Bolivia, to be analyzed for

542

total solids, and volatile solids, using standard methods (APHA et al. 2012). The results can be

543

found in Table S4.
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CARGCCATGTTYCGYTGGATG
CCTTAGACGCCATCATCATTTAC
[FAM]TGGACAGGAGAYCGCRATCT[BHQ-1]
GAGTGGTTTGACCTTAACGTTTGA
TTGTCGGTTGCAATGCAAGT
[FAM]CCTACCGAAGCAAATG[TAMRA]
ACCCTCTATGAGCACAATA
GGTCACATAACGCCCCTA
[FAM]CTAACACTGTCAAAAACCTAA[TAMRA]

Norovirus genotype I

Pepper mild mottle virus

Rotavirus group A

166

115

CTTGTGCTCAATTTACTGG
GGCAGAGGTACAGAATAG
TxRed]TGCAGCTTATGTTCCTTGC[BHQ-2]

Equine arteritis virus

73

68

98

Amplicon size (bp)

Target Virus

Table S1. RT-qPCR primers and probes utilized in this study.

(Svraka et al. 2009)

(Rosario et al. 2009)

(Svraka et al. 2009)

(Svraka et al. 2009)

Reference

Site
A
B
C
D
F
G
H
I

Mean
1,260
4,535
1,925
741
211
204
+BLOQ
+BLOQ

Standard 2.5%
Deviation CI
407
760
1,115
3,097
829
847
417
273
18
161
36
153
n/a
n/a
n/a
n/a

Rotavirus group A (copies/ml)
97.5%
CI
1,932
6,515
2,890
1,327
265
289
n/a
n/a

167

Standard
Mean
Deviation 2.5% CI
2,039
229
1,386
2,064
219
1,333
1258
834
203
579
221
311
+BLOQ
n/a
n/a
73
22
37
241
37
137
407
92
215

Norovirus genotype I (copies/ml)
97.5%
CI
3,076
2,944
2,349
1,140
n/a
144
389
687

Standard 2.5%
97.5%
Mean
Deviation CI
CI
96,684
2,562
79,601 117,738
405,227 112,982 255,222 633,750
431,462 271,083 100,674 727,643
296,738 119,557 184,467 521,096
52,387
7,407
37,577 70,294
144,369
59,396
64,109 214,743
323,444 128,660 153,080 517,509
375,331 65,393 280,490 539,409

Pepper mild mottle virus (copies/ml)

Table S2. The mean (n=3) and standard deviation virus concentration (copies/ml) with the minimum 2.5% credible interval (CI) and
maximum 97.5% CI for a given triplicate sample collected throughout the three-pond (sites A-D) and UASB-pond (sites F-I) systems.
+BLOQ represent samples that were positive but below the limit of quantification.

Site
B
B
B
B
C
C
C
C
D
D
D
D
G
G
G
G
H
H
H
H
I
I
I
I

Filter
0.45
180
0.45+
0.45T
0.45
180
0.45+
0.45T
0.45
180
0.45+
0.45T
0.45
180
0.45+
0.45T
0.45
180
0.45+
0.45T
0.45
180
0.45+
0.45T

Mean
777
197
1,647
18,426
505
241
659
13,238
111
127
<LOD
5,594
30
<LOD
<LOD
43
28
<LOD
54
24
19
<LOD
<LOD
30

Standard 2.5%
Deviation CI
696
226
185
28
2,296
19
12,596
5,598
524
97
25
187
238
418
10,238
1,928
52
44
70
37
n/a
n/a
4,519
1,199
24
12
n/a
n/a
n/a
n/a
n/a
35
n/a
22
n/a
n/a
n/a
44
12
12
n/a
15
n/a
n/a
n/a
n/a
n/a
24

97.5%
CI
1,807
468
4,874
35,751
1,274
306
961
25,485
186
206
n/a
11,776
70
n/a
n/a
53
34
n/a
66
41
24
n/a
n/a
37
Mean
182
+BLOQ
111
666
104
61
23
395
37
+BLOQ
+BLOQ
259
14
+BLOQ
+BLOQ
26
20
+BLOQ
+BLOQ
87
+BLOQ
30
+BLOQ
127
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Standard 2.5%
Deviation CI
114
54
n/a
n/a
133
4
316
231
43
34
101
1
25
1
182
160
22
9
n/a
n/a
n/a
n/a
114
85
5
5
n/a
n/a
n/a
n/a
12
10
12
4
n/a
n/a
n/a
n/a
50
25
n/a
n/a
45
0
n/a
n/a
51
56

97.5%
CI
441
n/a
376
1,337
198
260
81
834
91
n/a
n/a
497
31
n/a
n/a
55
50
n/a
n/a
208
n/a
124
n/a
269
Mean
22,196
2,399
84,379
638,551
24,810
2,240
29,101
555,564
19,899
1,449
199
509,185
226,854
9,201
84,211
318,742
40,638
1,739
807
251,697
20,148
20,281
1,294
394,741

Standard
Deviation
12,213
418
77,718
102,732
8,279
911
24,945
263,632
5,006
843
82
77,710
75,022
4,189
100,259
68,488
21,448
1,145
857
107,825
14,315
32,849
n/a
115,162

2.5%
CI
6,642
1,557
1,992
445,950
13,191
1,250
1,247
215,779
13,062
471
103
356,459
139,594
5,494
5,912
228,490
20,715
794
148
147,914
3,873
951
1,012
228,039

97.5%
CI
35,999
3,482
186,331
880,780
38,662
3,581
59,705
903,669
30,480
2,871
340
687,076
368,865
16,916
234,297
437,389
77,319
3,800
1,782
446,693
39,447
69,185
1,633
592,938

Table S3. Mean virus concentration (copies/ml) with the minimum 2.5% credible interval (CI) and maximum 97.5% CI for a given
triplicate sample collected for particle analysis. +BLOQ represents samples that were positive but below the limit of quantification.
<LOD represents samples that were negative, whose concentration is likely less than that of the detection limit of the assay.
Rotavirus group A (copies/ml)
Norovirus genotype I (copies/ml)
Pepper mild mottle virus (copies/ml)

Table S4. Total solids, volatile solids, fixed solids, % volatile solids, and % fixed solids (mean
+/- standard deviation) of the UASB reactor and the facultative pond sludge (n=2) from the
UASB-pond and three-pond systems, respectively.
Site
UASB reactor
Facultative pond

Total Solids
(g/L)
285.2 +/- 7.3
157.7 +/- 12.8

Volatile Solids
(g/L)
210.2 +/- 5.7
126.3 +/- 9.2

169

Fixed Solids
(g/L)
75.1 +/- 1.7
31.4 +/- 3.5

% Volatile
Solids
73.7 +/- 0.1
80.1 +/- 0.6

% Fixed
Solids
26.3 +/- 0.1
19.9 +/- 0.6

Figure S1. Modified can crusher used with sterile syringe and filter holder. Craig Carlson is
acknowledged for the idea and design. Guy Grant is acknowledged for the modification of this
can crusher.
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a)

b)

c)

d)

Figure S2. Analysis of the sensitivity of the QMRA model to the assumed volume of wastewater
accidentally ingested (V) per day of exposure and the number of days of exposure per year (n),
for norovirus in a) the three-pond system and b) the UASB-pond system, as well as rotavirus in
c) the three-pond system and d) the UASB-pond system.

171

a)

b)

Figure S3. Analysis of the predicted log reduction value for culturable enteroviruses using the
rotavirus exact Beta-Poisson dose-response model vs. the porcine enterovirus exponential doseresponse model, for a) the three-pond system and b) the UASB-pond system.
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Appendix E: Reduction of Nutrients, Microbes, and Personal Care Products in Domestic
Wastewater by a Benchtop Electrocoagulation Unit
Reprinted by permission from Macmillan Publishers Ltd: SCIENTIFIC REPORTS (Symonds,
E.M., Cook, M.M., McQuaig, S.M., Ulrich, R.M., Schenck, R.O., Lukasik, J.O., Van Vleet, E.S.
and Breitbart, M. (2015) Reduction of nutrients, microbes, and personal care products in
domestic wastewater by a benchtop electrocoagulation unit. Scientific Reports 5, 9380,
Copyright 2015.
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Supplementary Information - Reduction of nutrients, microbes, and personal care products in
domestic wastewater by a benchtop electrocoagulation unit
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12

Methods

13

Bacterial cultures and spores

14

Enterococcus faecalis ATCC-

and Escherichia coli strain C600, grown

15

separately overnight in Nutrient Broth

16

domestic wastewater samples to yield an approximate final concentration of 106 colony forming

17

units (cfu)/ml prior to EC treatment. Bacillus subtilis spores were also added to the

18

aforementioned samples to reach an approximate final concentration 105 cfu/ml. The B.subtilis

19

spores were cultivated one week prior to the experiment from a pure broth culture of B.subtilis

20

ATCC-19659

21

was inoculated into five liters of 1:10 diluted Columbia Broth (Neogen Inc., Lansing, MI, USA)

Lakes, NJ, USA), were added to

per Standard E2197-11 of ASTM International 1. Briefly, the B.subtilis culture

The culture was examined microscopically to verify

22
23

that >95% of the cells were in the endospore state. The suspension was then heated to 75°C

24

while agitating for 15 min in a water bath to kill vegetative cells and immediately cooled in an

25

ice bath. Spores were enumerated by diluting in phosphate-buffered water (Weber Scientific,

26

Hamilton, NJ, USA), spread plating onto Tryptic Soy Agar (TSA, Neogen, MI) and incubating at

27

36.5°C for 24 hours.

28
29
30

Viral cultures
Domestic wastewater samples were augmented with pure cultures of human JC

31

polyomavirus (HPyV) ATCC-VR-1583

and pepper mild mottle virus (PMMoV; provided by

32

Scott Adkins, USDA) to reach an approximate final concentration of 106 virus qPCR targets/ml

33

and 108 virus qPCR targets/ml, respectively. A purified culture of male-specific (F+) MS2

34

bacteriophages (ATCC-15597-B1 ) was also added to reach approximate final concentrations

2
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35

of 1.01×104 plaque forming units (pfu)/ml. The purified MS2 bacteriophage culture was prepared

36

following the US EPA method 1602 double-agar layer (DAL) protocol for spiking suspensions

37

with MS2 bacteriophages 2. Minor modifications were made to recover the MS2 bacteriophage

38

culture. Unlike the EPA method 1602 DAL protocol, 10 ml of tryptic soy broth was added to

39

DAL petri plates and plates were incubated at room temperature for 1 hr. The MS2

40

bacteriophage culture was subsequently recovered using serological pipettes, filtered through a

41

0.22-µm EMD Millipore Sterivex filter (EMD Millipore, Billerica, MA, USA), quantified to

42

have a concentration of 4.4×106 pfu/ml, and stored at 4°C prior to the experiment.

43
44

Molecular analysis of human polyomavirus and pepper mild mottle virus
Quantitative PCR (qPCR) and reverse transcription (RT)-qPCR were executed with

45
46

minor modifications for the analysis of HPyV 3 and PMMoV 4, respectively. Recombinant

47

plasmids, containing either the HPyVs qPCR-target DNA or the PMMoV RT-qPCR-target, were

48

diluted over 5 orders of magnitude to final concentrations ranging from 102 to 106

49

(e.g. five-point dilution series). Five microliters of each serial dilution were used as target in the

50

HPyV standard curve reactions. HPyV qPCR reactions were prepared by combining 25 µl

51

TaqMan® Environmental Master Mix 2.0 no UNG (Life Technologies, Grand Island, NY,

52

USA),

53

GGT GCC AAC CTA TGG AAC AG-

54

TCA TCA CTG GCA AAC AT-(MGBNFQ)-

55

to achieve a final volume of 50 µl 3. PMMoV qPCR reactions were prepared by combining 12.5

56

µl Taqman Environmental Mastermix 2.0 no UNG, 0.4 µM of each primer

57

TTT GAC CTT AAC GTT TGA-

-AGT CTT TAG GGT CTT CTA CCT TT125 µM of

R

-(FAM)-free water

-GAG TGG

-TTG TCG GTT GCA ATG CAA GT-

, 125 nM

3
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58

probe ( -(FAM)- CCT ACC GAA GCA AAT G -(TAMRA)-

59

nuclease-free water to achieve a final volume of 25 µl 4.

60

,2

template cDNA, and

For both HPyV and PMMoV analyses, the virus-target concentration of each sample was

61

analyzed in duplicate alongside a 1:10 dilution of sample template (to check for possible PCR

62

inhibition, which was identified when the Cq value of the diluted sample was less than the

63

undiluted sample), all process and extraction controls, no-template controls, and a duplicate

64

standard dilution series with an ABI7500 Real Time PCR system (Life Technologies, Grand

65

Island, NY, USA), according to previously published protocols 3,4. For HPyV analysis, the qPCR

66

temperature profile was 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, 55°C for 20

67

sec, and extension at 60°C for 60 sec. The PMMoV qPCR temperature profile was 95°C for 10

68

min followed by 40 cycles of 95°C for 30 sec, 53°C for 60 sec, and extension at 60°C for 60 sec.

69

All standard curves had regression coefficients >0.97 and qPCR efficiencies between 90 and

70

110% 5. Aside from the DNA of one process control showing inhibition for the HPyV assay, no

71

PCR inhibition was observed.

72
73
74

Molecular analysis of Enterococcus
Enterococcus IC-NASBA (Internal control nucleic acid sequence based amplification).

75

An IC-NASBA assay, targeting a 136-bp region of the large subunit ribosomal RNA gene (23s

76

rRNA) of Enterococcus spp. related to water quality, was used to determine concentrations of

77

enterococci in augmented wastewater samples before and after EC treatment. The internal

78

control (IC)-RNA was synthesized using in vitro transcript generation oligonucl

79

AAT TCT AAT ACG ACT CAC TAT AGG GAG AGA CCC GAA ACC ATG TGA TCT ACC

80

CAT GTC CAG GTT GAA GGT GCG GTA AAA CGC ACT GGA GGA CCG AAC CCA

-

4
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81

CGT ACG T-

-TAT CTC CAA GTT CGT TTG GAA TTT CAT TGT CAC CAT

82

AAG CAG CCA CCC GCA CTT TTC AAC GTA CGT GGG TTC GGT CCT-

83

described 6, and was used to identify amplification inhibition. For each IC-NASBA reaction, the

84

NucliSENS EasyQ® Basic Kit (bio-Mérieux, Durham, NC, USA) was used according to

85

with the following final concentrations: 80 mM KCl (optimized, data

86

-GAC CCG AAA CCA TGT GAT CTA-

-

87

AAT TCT AAT ACG ACT CAC TAT AGG GAG AAT ATC TCC AAG TTC GTT TGG A-

88

and 0.1 mM

89

TGG GTA GCG GAC GAT CG-[DABCYL]-

90

CTG CTT ATG GTG ACA ATC GCA TG-[DABCYL]-

91

enzyme mix to create a total reaction v

92

of reagent mixture (primers, beacons, and 1×107 IC-RNA copies) and incubated for 2 min at

93

65°C. Using a NucliSENS EasyQ® analyzer (bio-Mérieux, Durham, NC, USA), NASBA

94

amplification and fluorescence detection occurred at 41°C for 90 min. To quantify enterococci

95

concentrations, E. faecalis

96

were serially-diluted from 105 to 102 cells (4-points) and analyzed in triplicate. The TTP ratio

97

method was used to determine unknown enterococci concentrations from the standard dilutions

-[6-FAM]-CGA TCG GAT GAG GTG
-

-[6-ROX]-CAT GCG TGG
.

(ATCC, Manassas, VA, USA) whole-cell RNA extracts

.95 6. No amplification inhibition was observed.

98
99

Enterococcus qPCR. An abbreviated version of U.S.EPA Method 1611 was executed, in

100

which only the sections regarding the base TaqMan® (Life Technologies®, Carlsbad, CA) qPCR

101

Enterococcus assay were used 7. Briefly, each TaqMan® qPCR Enterococcus reaction had a
-GAG AAA TTC CAA ACG AAC

102
103

TTG-

-CAG TGC TCT ACC TCC ATC ATT-

5
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104

TaqMan® probe ([6-FAM]- -TGG TTC TCT CCG AAA TAG CTT TAG GGC TA- -

105

[TAMRA]), 12.5 µl TaqMan® Universal master mix, 2.5 µl bovine serum albumin (2 mg/ml

106

stock), and 2 µl DNA template. Each sample was analyzed in triplicate with an Applied

107

Biosystems® 7500 Real-Time PCR System (Life Technologies®, Carlsbad, CA, USA)

108

following the previously published thermal profile (50°C for 2 min, 95°C for 10 min, 40x (95°C

109

for 15 sec followed by 60°C for 1 min)) 7. The standard dilution series, derived from E. faecalis
DNA extracts, contained four points ranging from 102 to 105 targets per reaction, and

110
111

was simultaneously analyzed in triplicate alongside samples and no-template controls. The

112

concentrations of Enterococcus spp. were calculated based upon the regression analysis of the

113

standard dilution series, which had a regression coefficient of 0.998 and 101% efficiency. All no-

114

template controls were negative. The absence of PCR inhibition was assumed given the lack of

115

inhibition observed during IC-NASBA analyses and the comparable Enterococcus spp.

116

concentrations obtained from both methods.

117
118
119
120
121
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Changing Paradigms in Water Quality Management
Reprinted with permission, Symonds, E.M. and Breitbart, M. (2015) Affordable enteric virus
detection techniques are needed to support changing paradigms in water quality management.
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